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 i 
EXECUTIVE SUMMARY 
 
With the ever more stringent requirements of emissions and fuel economy imposed on 
the automotive industry, there is a need to understand more fully all aspects of the 
internal combustion engine to meet these requirements and at the same time the desire 
of the customer for acceptable performance. This research was aimed at investigating 
one part of the engine behaviour i.e. induction of the fresh charge to the engine 
cylinder. Conventionally, these measurements have been performed on a steady state 
flow rig, where bulk, integral measurements for mass flow rate and swirl or tumble 
ratio are performed. However, for some of the combustion strategies now being 
implemented on modern engines, the flow structure is becoming more important 
necessitating the use of techniques that can measure the flow field and its interaction 
with spray systems. This piece of work compares engine flow measurements on both 
a standard steady flow rig and in the cylinder of a motored engine. The flow bench 
measurements are both easier and cheaper to implement, but serve no real purpose 
unless there is a correspondence between the flow measured under steady state 
conditions and that measured in the transient environment of an engine cylinder. 
 
On the steady flow bench, both conventional measurements and also measurements of 
the detailed flow using laser Doppler anemometry have been made. This allowed a 
direct comparison to be performed between these two sets of measurements. Laser 
Doppler anemometry measurements were than performed in the cylinder of a motored 
engine, allowing a direct comparison between the results from the steady flow rig and 
the engine. Additionally, particle image velocimetry was used to investigate the data 
on the steady flow bench. 
 
 ii 
It was found that the laser Doppler anemometry measurements were no substitute in 
terms of accuracy, when compared to the integral measurement of mass flow rate. 
They did however give some insight into the flow patterns being generated within the 
cylinder under these conditions. When compared to similar measurements in the 
engine, in most instances a high degree of correlation was found between the air 
velocity measurements, although the tumble ratio calculated from the engine was 
generally higher than that from the steady flow bench. A comparison of vector flows 
fields from the particle image velocimetry for the steady state and laser Doppler 
anemometry for the engine measurements, suggested that the influence of the piston 
on the flows, not present for steady state measurements, was only relevant in the 
neighbourhood of the piston itself. The transient nature of the flow in engine also 
seemed to show very little differences between the two sets of measurements. 
 
It was concluded that ideally both sets of measurements are required, but that a lot of 
the detail, with some additional work, could be extracted from the steady flow 
measurements, but only by using laser diagnostics to measure the flow fields. It was 
also observed that more than one plane of measurements is required using laser 
diagnostics to fully characterise the tumble flow field, which is not uniform across the 
cylinder. This also led to a simple form of weighting of the data in different planes 
which could be improved with a more detailed set of measurements to gain better 
insight into the weighting factors required. 
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Chapter 1: INTRODUCTION 
 
The modern day spark ignition engine is the result of decades of research and 
development leading to an ever greater understanding of their performance. This 
research continues to the present day, where further improvements are required in 
terms of emissions and fuel economy which are mainly led by legislation, and the 
additional requirement to maintain performance, led by the customer. These 
requirements have led to all aspects of the functionality of the internal combustion 
engine being examined but possibly none more so than the combustion system. One 
of the major influences on the combustion is the in-cylinder air flow, and on most 
modern, spark ignition engines, this air flow is of the tumble flow type, i.e. the main 
bulk rotation of the air is in the plane of the piston movement. 
 
The bulk flow motion in the cylinder plays several parts in aiding the combustion 
process, and more so in present day direct injected engines. In homogeneous mode 
with early injection, the tumble flow has to be such that good mixing occurs between 
the fresh air charge and the fuel spray, giving a homogeneous air/fuel mixture at the 
time of ignition. With stratified operation, the airflow is responsible for guiding the 
fuel spray to the spark plug, again at the time of ignition, for air guided concepts of 
direct injection, or containing the fuel spray around the spark plug for spray guided 
direct injection systems. Whichever direct injection strategy, or indeed port fuel 
injection, is implemented the bulk flow will eventually decay in the engine cylinder 
with the energy being transferred to turbulence kinetic energy. The turbulence kinetic 
energy is important for both enhancing and stabilising the combustion and therefore it 
important that the decay from the mean flow to the turbulence doesn’t occur too early 
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in the cycle, else it will further decay, before the combustion is initiated, to smaller 
orders of turbulence and eventually heat. 
 
There are three basic methods available for the study on in-cylinder flows, and each 
method has its advantages and disadvantages. The first method, and that which has 
been traditionally used over many decades is the steady flow rig. In this case a 
cylinder head and cylinder liner are placed on the rig and the inlet valves are held 
open at specific valve lifts. A pressure drop is applied across the resulting valve gap 
and the mass flow rate through the cylinder liner is measured. These measurements 
allow a value for the flow efficiency through the port and valve area to be obtained. 
With additions to this rig, a measure of swirl or tumble can also be ascertained be 
adding swirl vanes to the flow rig. This allows a value of the swirl or tumble ratio, 
defined on page 27, to be found. The big assumption with this type of measurement is 
that the flow under steady state conditions can be related to that to be found in a 
running engine. The advantages of the steady flow rig are economics in that it is 
cheap and quick to perform these tests and that they can be done at an early stage of 
engine design as a full engine is not required for testing. The major disadvantage is 
that no piston is present in the rig so that although the port and valve geometry are 
correct, the engine geometry itself is not. When almost all engines used a swirl based 
air entry system this did not cause a large problem as the bulk flow motion was 
perpendicular to the piston motion, and much work was done showing a good 
relationship between the swirl measured on a steady flow rig and the combustion 
characteristics in a running engine, Thien, 1965. The advent of the four valve cylinder 
head where tumble was now the main bulk flow motion causes a problem because the 
flow motion is now in the same plane as the piston motion and so will be affected by 
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this piston motion. As yet a correlation between steady flow rig measurements of 
tumble and those measured in an engine is unproven. 
 
The second method, with the advantage in the present day of optical engines and laser 
diagnostics, is to perform measurements for the tumble ratio directly in the engine 
cylinder. Now the airflow can be measured directly in a running engine cylinder and 
so allow for the motion of the piston. Further processing of the air velocity 
measurements allows the tumble ratio to be calculated but now under realistic 
conditions. The advantages are obvious in the measurements being made in situ in the 
engine cylinder and so not requiring any relationship to be found between the 
measurements and the system they are to be applied to. The disadvantages are those of 
cost and time. An optically accessed version of the complete engine needs to be 
available which is expensive, and the measurements are difficult to perform in such a 
harsh environment. Additionally, the cost of the laser diagnostic equipment and 
processors is high. 
 
The third method is numerical modelling, or computational fluid dynamics (CFD), of 
the flow in the cylinder of an engine. This is again a difficult and time consuming 
solution as firstly an accurate mesh or model of the engine has to be developed and 
although modern CFD systems can download the geometry of the engine from the 
original engineering drawing some considerable effort still has to be applied to 
optimise the resulting mesh for efficient running of the code. There are several 
turbulence models available for the prediction of the flow fields and the correct model 
has to be selected tom best match the in-cylinder conditions, where these in-cylinder 
conditions change through the engine cycle. For example the model used on the 
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induction stroke may not be the best model to use on the compression stroke of the 
engine. Furthermore, when everything has been optimised, the run times required for 
these codes is considerable on most work stations commonly used for these methods 
and faster competing power would add additional costs to the study. Lastly, in the 
present state of these modelling techniques, experimental validation of the codes is 
still required as a check on the results being produced, mainly because there is no one 
solution that satisfies all studies being made. A slight change to the geometry of the 
engine, and hence the mesh of the model, can alter how well the code is capable of 
producing accurate predictions of the in-cylinder flow field at all times in the engine 
cycle. The above comments apply to predicting the air flow in the cylinder of a 
motored engine. The challenges for CFD modelling increase by an order of magnitude 
in both difficulty and run times if fuel sprays and combustion are added to the model. 
 
The work presented here aims to provide an increased understanding of the 
relationship between measurements performed on a steady flow rig and those 
performed in a motored engine. On the steady flow rig both conventional bulk flow 
measurements and detailed airflow measurements utilising laser diagnostics will be 
applied. These measurements will allow a comparison between the traditional 
methods of working and the results obtained from the laser diagnostics. It is also these 
measurements, combined with analytical values for mass flow rates that will be used 
to obtain the discharge and flow coefficients for the inlet system. The measurements 
in the cylinder of a motored engine will all be made using laser diagnostics and so can 
be directly compared to the steady flow measurements made using the same tools. It 
will also allow the motored engine results to be compared to those found by the 
traditional methods. One of the advantages of the laser diagnostics is that they show 
Chapter 1                                                                Introduction 
___________________________________________________ 
 
5 
evidence of the flow structures present in the flow, which cannot be obtained from the 
bulk flow measurements. On modern engines the flow structure is assuming an 
increased importance and this added information can be used to make modifications 
to the original design of the port and valve areas, to better promote the type of flow 
structure required by the engine operating strategy being adopted. The laser based 
techniques applied in this work are laser Doppler anemometry and particle image 
velocimetry. The laser Doppler anemometry was used on both the steady state rig and 
the in-cylinder measurements in the motored engine. The particle image velocimetry 
was only used on the steady flow rig and in this work the data were only used as a 
visualisation technique for observing the flow structures. 
 
Two engines were used in this study, and although they would both be classified as 
the same type of engine geometry, there are differences between them. They are both 
four valves per cylinder, pent roof head geometry and so designed with tumble as the 
main bulk in-cylinder flow strategy. However, the first engine is termed under square, 
i.e. the stroke of the engine is greater than the bore, whereas the second engine is over 
square with the cylinder bore being the larger of the two dimensions. Two engines 
were utilised because they were both available during this study and it is hoped that 
having results from both engines will add significance to the results. 
 
The thesis will start with a literature review where some of the current problems 
associated with present day engine design will be described, and this sets the agenda 
for the rest of the thesis. The review will also look at some of the work that has been 
done on quantifying the steady state results and also at previous work that has been 
performed making the same type of measurements used in this study, for both steady 
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state and in-cylinder engine studies. A detailed description of the experimental 
apparatus and techniques used in this study follow on from the review. Here the 
steady flow rig and the engine will be described, along with the pertinent details of the 
laser diagnostic techniques implemented. An appendix at the end of the thesis gives a 
detailed description of the laser Doppler anemometry technique, which was the 
principal technique used in this work. This chapter will be followed by one on the 
analytical methods used to arrive at a theoretical mass flow rate into the engine under 
steady state conditions, and the results from this are then used later to provide the 
discharge and flow coefficients for the two cylinder heads. 
 
The next chapter will describe the experimental work performed on the steady state 
rig and the results obtained from these measurements. There will be some 
comparisons made here between the results obtained from the traditional bulk flow 
measurement techniques and those from the laser diagnostics. The results are given in 
terms of mass flow rates, velocity profiles at half bore downstream from the head and 
the tumble ratios calculated from the different methods employed to make the 
measurements. Following this is a chapter looking at the measurements performed in 
the cylinders of the motored engines. Again the methods used will be described and 
the results given. The results here will also show velocity profiles in the engine 
cylinder and also vector plots of the velocity in the planes measured. Additional 
processing allows the vorticity form the curl of the vector fields to be obtained and 
this will be used to calculate a value for the tumble ratio. The tumble ratio will also be 
calculated in a like manner to that for the steady flow measurements to allow a direct 
comparison between the two measurements to be made. The mean kinetic energy and 
turbulence kinetic energy of these flow fields will also be generated allowing 
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observation of the changes of these properties, and the vorticity of the flow, 
throughout the crank-angle periods in which the measurements were performed. 
 
These two chapters of the presentation of results will be followed by one on a 
comparison of the results from the steady flow rig and the in-cylinder engine 
measurements. Here a normalisation of the velocity from the two measurements series 
is performed to allow for the different conditions under which the experiments were 
performed, so that a meaningful correlation can be made between the two. A 
correlation function is defined to give a quantitative comparison between steady flow 
and motored engine data. Results for the calculated tumble ratios for the steady state 
and the motoring flows will also be given for all the techniques used to calculate this 
value. This chapter will finish with a brief look at the steady state flows measured by 
particle image velocimetry and the in-cylinder flows measured with the laser Doppler 
anemometer. These final comparisons will be purely qualitative. The conclusions will 
then be given, summarising the results from this piece of work and these will be 
followed by some recommendations for future work, to further aid in understanding 
the correlation between steady flow and motoring work. 
 
It is hoped that the results from this work give a better understanding of how the more 
economical steady state measurements can be translated into meaningful results for 
in-cylinder results and so reduce the necessity for the more costly in-cylinder 
measurements in an engine. Of course, this may mean a change to way that steady 
state measurements are performed to allow more detailed knowledge on the flow 
structures generated in the engine cylinder to be observed. This last point is 
particularly pertinent to modern day engine design. The work presented here would 
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ultimately need to be extended to include combustion measurements so that 
parameters such as fuel economy, emissions and combustion efficiency could also be 
studied to give a complete picture from air inlet to exhaust outlet and engine 
performance, as these are the criteria on which the engine has to be based. The 
necessity of detailed in-cylinder measurements at the present time arises from the 
need to understand the phenomena that are occurring and not just the outcome that 
can be determined by combustion and emission analysis. This should then lead to a 
more robust procedure at the early stages of the engine design. The next chapter is a 
literature review looking at some of the problems encountered in modern day engine 
design, a review of the traditional methods employed to measure under steady state 
conditions and previous work that has been done in this area. 
Chapter 2                                                       Literature Review 
___________________________________________________ 
 
9 
Chapter 2: LITERATURE REVIEW 
Measurements of one description or another have been made in internal combustion 
engines or port flows for over a century. A lot of the early references found, up to the 
advent of the jet engine were performed in the aircraft industry, when at the time the 
functioning of the engine was a more critical issue than that for automotive use. In the 
last three or four decades there has been an increased activity in the automotive 
industry for basic research into engines led by a need for better fuel consumption 
brought on in part by the oil crisis in the 1970s and further by the need to reduce 
pollution from engine out emissions. Nowadays, the legislation on emissions 
continues to bring in lower allowable values and has been advanced by the 
requirement to reduce the effect on climate change by lowering the amount of 
greenhouse gases in the engine exhaust.  
 
These points have led to considerable work being done at a quite basic level in the 
operation of the engine, leading to changes in the fundamental operating strategies of 
most engines, where fuel injection instead of carburettors is a methodology that has 
been adopted on nearly all spark ignition engines and gasoline direct direction (GDI) 
is becoming more common year by year. Both of these changes to the fuel delivery 
system have led to remarkable decreases in both engine out emissions and fuel 
consumption. These reductions in fuel consumption and emissions have been further 
enhanced by the use of variable valve strategy, as a means of partial load control and 
so reducing the amount of pumping work expended by the engine. These changes to 
the engine have led to the requirement of more detailed information regarding the 
airflow in the engine cylinder. 
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This review looks at the importance of tumble flow to modern spark ignition engines, 
the basic analysis that is applied to steady state measurements and a brief synopsis of 
previous work that has been done in this field. 
 
2.1 THE IMPORTANCE OF TUMBLE FLOW 
One of the main drivers for this thesis is the importance that the tumble flow in the 
engine cylinder has assumed for modern day combustion strategies. The tumble flow 
has been found to be responsible for three main contributors to the functioning of the 
engine. The first is associated only with particular forms of direct injection, air guided 
systems, where the flow is responsible for guiding the fuel to the spark plug at the 
time of ignition. This occurs for stratified modes of operation with the fuel being 
injected late in the compression stroke and the engine running with an overall lean 
mixture. The second is the aid to combustion stability where the breakdown of the 
tumble flow into turbulence kinetic energy at the correct time helps to stabilise and 
enhance the combustion process and reduce cycle to cycle changes observed in the 
power output of the engine. The third contribution is largely associated with valve 
strategies employed to reduce fuel consumption by removing some of the pumping 
work of the engine from using a throttle. Here early closing of the inlet valve to 
control engine load can mean the decay of the tumble flow occurs too early in the 
cycle and the turbulence kinetic energy formed from this decay has already dissipated 
into heat before the combustion occurs. This leads to very long combustion times, 
particularly for the 0% to 10% times for the mass fraction burned periods. The first 
part of this review will look at some of the work that has been done supporting these 
effects of the tumble flow. 
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There are two main reasons for using a stratified charge strategy in a spark ignition 
engine: one is to run with an overall lean mixture for fuel economy, but this strategy is 
losing followers because of the need for a lean NOx trap being required for emissions 
control. The second is to generate a late, hot combustion process on cold start of the 
engine to facilitate faster heating of the catalytic converter to gain a quick light off 
time. Here the NOx emissions are not considered to be a problem as there is no NOx 
control before the catalyst light off. The example chosen to show how the tumble 
plays an important roll in controlling the fuel flow to spark plug has been chosen from 
the second of the above strategies, Middendorf et al., 2005. Here the strategy, shown 
from CFD modelling in figure 2.1, is to have an early first injection producing an 
overall lean, homogeneous mixture in the cylinder followed by a late second injection 
where the spray is guided to the spark plug forming the stratified part of the fuelling 
operation. The ignition would be late in the cycle to give a late combustion and hence 
hotter exhaust gases, and this is aided by the stratified mode of fuelling where the 
richer mixture from the second injection burns hotter than the lean mixture in the rest 
of the cylinder and this helps prevent heat loss through the cylinder walls. It should be 
remembered that this strategy is specifically for catalyst heating and not for best 
torque from the engine and so can afford to run with a non-optimised ignition timing. 
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Figure 2.1: Tumble controlled fuel guiding for stratified operation 
From: Middendorf et al., 2005 
 
It can be seen from the figure that the air flow is crucial in helping the wall guiding 
from the piston crown to deliver the fuel to the spark plug at the correct time. The 
method used in this instance to produce the required tumble motion was a tumble flap 
in the inlet port, where the bottom half of the port could be shut during this mode of 
operation, forcing all of the fuel to the top of the port and hence out through the front 
of the inlet valves to produce a higher tumble flow. 
 
The benefits of tumble flow to improve combustion stability are clearly shown in 
Boccadoro et al., 2007 and Boccadoro et al. 2009, where tumble flow was used to 
enhance the combustion efficiency of a new series of turbo-charged engines for 
Renault. The lowering of the covariance of IMEP due to tumble is shown in figure 
2.2, with the greatest improvements being seen at the lowest loads. These low load 
conditions are where unfavourable thermodynamic conditions for flame initiation are 
present. There is also an associated improvement in fuel economy due to the shorter 
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combustion durations observed with a high tumble flow, figure 2.3. The right hand 
part of figure 2.3 shows yet another benefit of faster combustion as this leads to lower 
exhaust temperatures due to be able to make better use of the expansion stroke to 
reduce exhaust gas temperatures, which in turn leads to less required fuel enrichment 
for cooling. 
Figure 2.2: Improvement of combustion stability with tumble 
From: Boccadoro et al, 2007 
 
Figure 2.3: Enhanced combustion velocity and fuel enrichment due to tumble 
From: Boccadoro et al, 2009 
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The final points made above lead directly to the third way in which tumble can be 
beneficial to the operation of a spark ignited engine, and that is by enhancing the 
combustion speed. For this to occur the tumble must persist long enough so that on its 
subsequent breakdown, the turbulence kinetic energy so formed will be available to 
aid the combustion process. An example of this effect can be seen in Szengel et al., 
2007, shows the increase in turbulence kinetic energy at the time of ignition for an 
increase in the tumble flow, and how this leads to a reduction in the burn duration. 
The increase in kinetic turbulence intensity is shown in figure 2.4, and the effect on 
the burn durations are shown in figure 2.5. 
 
Figure 2.4: The effect on tumble on turbulence kinetic energy generation 
From: Szengel et al., 2007 
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Figure 2.5: The effect of tumble on burn duration 
From: Szengel et al., 2007 
 
It can be seen in figures 2.4 and 2.5 that two variants of inlet port are being compared 
and this will be discussed briefly at the end of this section. The important points to 
note at the moment are the large increase in turbulence kinetic energy during the early 
combustion phase in figure 2.4, when tumble ports greatly enhancing the in-cylinder 
tumble are utilised, and in figure 2.5, the much faster burn durations that can be 
observed again when the tumble ports are used. Both these figures show the benefits 
of high tumble flow on the combustion process. 
 
One final example of the effect of tumble on combustion speed is associated with a 
valve strategy to control load and so removing some of the losses associated with the 
pumping work past a partially closed throttle, Pitcher et al., 2008. Here a strategy of 
early inlet valve closing combined with a low valve lift was utilised to control the 
engine load, with a fully variable valve train. A back to back comparison was made at 
the same engine load between standard valve profiles and heavy throttling, and a 
modified valve lift and duration curve with no throttle. One of the important results to 
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come from this piece of work was the much slower 0% to 10% burn rates observed 
with the early inlet closing, figure 2.6. 
 
Figure 2.6: Mass fraction burn curves for different valve strategies. 
From: Pitcher et al., 2008 
 
In figure 2.6, the graphs are plotted from their respective time of ignitions, shown as a 
time of zero on the graphs. The ignition time was set in each case to give the best 
torque from the engine for minimum spark advance. It can also be seen that the 10% 
to 90% burn is longer for the early inlet valve closing, and in terms of engine 
efficiency this is a greater problem as this is generally associated with worse fuel 
economy. Two reasons were given for this slower combustion rate, Stansfield, 2009. 
Firstly, the early spark required for early inlet valve closing meant that the in-cylinder 
conditions at the time of ignition, in terms of pressures and temperatures, indicated a 
slower laminar flame speed, and secondly, the early closing of the inlet valve showed 
an earlier decay of the tumble and hence dissipation of the generated turbulence 
kinetic energy. This second argument was confirmed by LDA measurements of the 
RMS component of velocity during the combustion period, where this quantity was 
significantly lower for the early inlet valve closing strategy. 
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The importance of a good tumble flow has been demonstrated in the above discussion 
and now I will briefly look at some of the strategies in terms of engine design that 
have been used to generated a high tumble flow. Two designs have been used by 
Volkswagen to enhance the tumble in the cylinder, and these are shown in figure 2.7. 
In the first variant, on the left of figure 2.7, a tumble flap was installed into the inlet 
port, and could be used at part load conditions to completely shut off the lower part of 
the port. This ensured that the air flow was directed along the top of the port and out 
through the front of the valve, generating a high tumble flow. An additional benefit to 
this system was that the throttle did not need to be closed to the same extent as for no 
tumble flap as the restriction of half the port area was in itself a control on the engine 
load. The second, and later, variation is shown in the right hand side of figure 2.7, 
where here the intake port has been modified to guide the bulk of the air to the front 
of the inlet valve. As was seen in figures 2.4 and 2.5, the turbulence kinetic energy 
generated by this second modification is not so high as that from the tumble flap 
generated flow, but still considerably higher than with no modifications. The 
advantage of this second method can be seen in figure 2.5, where the combustion 
speed can be maintained at a higher rate throughout the speed range of the engine and 
this is because this method can be employed under all load and speed conditions and 
not just part loads as for the first method. 
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Figure 2.7: CFD of port flow for tumble generation in the Volkswagen engine 
From: Szengel et al., 2007 
 
When variable valve lift is used as a strategy to control engine load, an additional 
problem arises from the low lift and short duration of the valve lift, in that the tumble 
generation finishes earlier as the valve closes and so has more time to dissipate before 
combustion can begin. This early closing can also affect the mixing of the air and the 
fuel in the cylinder for early injection in a GDI system as most of the injection period 
can occur after the valve has closed and so lose the benefit of the air stream disrupting 
the injection flow, which greatly enhances mixing. Again a well defined, high tumble 
flow can be of assistance as the tumbling motion can help the air/fuel mixing and also 
persist long enough to be of benefit to the combustion. BMW, Kessler et al., 2006, 
used inlet valve shrouding to boost the tumble flow at low valve lifts to reduce the 
flow from the back of the valves and so forcing it to flow through the front of the 
valves to generate a higher tumble flow, figure 2.8. As this engine had variable valve 
timing as well as variable valve lift, they also adopted a policy of phasing the two 
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inlet valve to one another and hence generated a swirling motion in the cylinder. This 
helped as a swirling flow tends to persist longer than a tumble flow as it is not 
affected by the piston motion and this persistence helps the generation of the 
turbulence kinetic energy later in the compression stroke to aid the combustion 
process. 
Figure 2.8: BMWs’ use of valve shrouding for tumble generation 
From: Kessler et al., 2006 
 
Toyota also made use of swirl as an aid in their engine, Tsuji et al., 2006, but here one 
inlet port of the engine was designed for tumble flow and the second port was 
designed for swirl flow. Swirl was also adopted by Pitcher et al., 2008, where the use 
of a fully variable valve train allowed one valve to be left closed under part load 
conditions, and so generated a swirling motion in the cylinder. This technique allowed 
the slow combustion mention earlier to be rectified and this strategy further increased 
the fuel economy of the engine. 
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One final note that should be mentions with regards to high tumble flows, is the effect 
on the discharge coefficient or the volumetric efficiency of the engine in terms of 
breathing.  Kessler et al., 2006, showed a comprehensive graph, figure 2.9, 
highlighting the lowering of the flow coefficient with increasing tumble ratio. 
 
Figure 2.9: Reduction of flow coefficient with increasing tumble 
From: Kessler et al., 2006 
 
This effect was also mentioned by Tsuji et al., 2006, where they showed the same 
trend of decreasing flow coefficient with an increasing tumble, figure 2.10. The same 
comments were made by Andriesse et al., 2008, in the design of a new engine for Fiat, 
and here valve shrouding was utilised to increase the tumble by a factor of 3 but at the 
expense of dropping the value of the flow capacity into the engine by 20%, but the 
flow motion was considered to be of such importance that this drop in flow capacity 
was acceptable. 
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Figure 2.10: Reduction of flow coefficient with tumble ratio 
From: Tsuji et al., 2006 
 
The above examples clearly show the importance of tumble flow to modern 4 valve 
pent roof engines, and particularly when the fuelling is injected directly into the 
engine cylinder, whether for a homogeneous or a stratified strategy. Additionally 
though, they indicate that the flow structure generated in the engine cylinder is as 
important a part, if not more so, than the efficiency of getting the fresh charge into the 
cylinder. These results lead to a possible conclusion that integrated steady flow tests 
may no longer be sufficient to supply the details required at the early design stage. 
 
2.2 STEADY STATE FLOW ANALYSIS 
Much work has been done on steady flow measurements with subsequent analysis 
giving information about the expected performance of the engine, Thien, 1965. Most 
of this analytical work was completed before the advent of the modern, four valve, 
pent roof, spark ignition engine in the 1970s, when it became a mainstream 
technology with an early example being Rudd, 1973. Therefore it concentrated on 
swirl induced flows into the engine cylinder. A detailed description of a steady flow 
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rig and the experimental techniques will be given in the following chapter, but a brief 
description of the typical forms of analysis will be given here. There are several levels 
of analysis possible from the steady flow measurements made, depending on the type 
of measurements performed and the objective of the experiment. The analysis given 
here is based on well established steady flow work with the main sources of 
information for these analyses taken from the work at AVL, Thien, 1965, and 
Ricardo, 1993, with additional insights coming from Annand and Roe, 1974, 
Heywood, 1988, Stone et al, 1992, Sandford, 1993 and Lumley 1999.  
 
The two most common factors derived from the measurements are the discharge 
coefficient, CD, and the flow coefficient, CF. The discharge coefficient is the ratio of 
the measured mass flow rate to a theoretical mass flow rate based on the inlet 
geometry of the valve. The value of the discharge coefficient is simply given by the 
measured mass flow rate divided by a theoretical value of the mass flow rate, where 
the theoretical value is the product of the theoretical flow velocity due to the pressure 
drop, a calculated area of the valve gap and the density of the air, 2.1 and 2.2, Thien, 
1965. 
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The discharge coefficient therefore gives an indication of the efficiency of the inlet 
system in terms of how well the air can enter the engine cylinder. The theoretical 
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value that has been shown here, assumes no friction and more importantly that the air 
flowing through the valve gap does in fact fill the whole available area. In reality the 
flow takes on different forms dependent on valve lift, Annand and Roe, 1974, 
Heywood, 1988 and Lumley, 1999. The forms of these differences are shown in 
figure 2.11 and the corresponding discharge coefficient is shown in figure 2.12. The 
flow separations seen here are caused by the sharp angles on the valve head and the 
valve seat and although modern engines will have rounded corners in these positions, 
the radii of curvature will still be small, dictated by the dimensions and geometry of 
the cylinder head, and so some degree of separation will still be evident. 
 
Figure 2.11: Flow separation from valve head and valve seat with increasing valve lift 
From: Heywood, 1988 
 
Figure 2.12: Discharge coefficient representing the above flow separation regimes 
From: Heywood, 1988 
 
The flow coefficient is similar to the discharge coefficient, but here the reference area 
used for the theoretical mass flow rate is based on either the port diameter or the inner 
seat diameter and takes no account of valve lift. As most of the flow into the engine 
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cylinder occurs at the higher valve lifts this value works well with respect to the 
overall breathing efficiency of the engine and is useful as a comparator between 
different cylinder heads or even engines. For detailed analysis however, the discharge 
coefficient is still very useful as the flow coefficient doesn’t work well at low valve 
lifts, an issue that could arise with cam profile switching, as the reference area doesn’t 
vary making the scale of the values to small to be of any use for observing 
improvements with only small valve lifts. The equations utilised for the flow 
coefficient are given in 2.3 to 2.5, Thien, 1965. 
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The next value to be calculated is the mean flow coefficient, CFM, which gives an 
indication of the complete flow performance into an engine by integrating the flow 
coefficient over the inlet period on induction crank-angles. At this point in the 
analysis there is a difference of interpretation between AVL and Ricardo as to the 
exact derivation of this mean coefficient. 
 
Ricardo assumes that the volumetric efficiency is 100%, the pressure across the port is 
constant and that the flow occurs between inlet valve opening and closing and hence 
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the flow at any one time is dependent only on the valve lift. This then gives a mean 
flow coefficient shown in equation 2.6, Lumley,1999 where θ1 and θ2 are the inlet 
valve opening and closing angles respectively: 
 
θ1θ2
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θ1
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AVL assumes the volumetric efficiency is 100% but that the flow into the engine 
cylinder is dependent of the piston displacement against crank-angle and therefore 
flow into the cylinder only occurs between top dead centre and bottom dead centre. 
Here the mass flow across the valves is calculated from the piston displacement 
versus crank-angle, i.e. the work done by the piston on the air and allowing for the 
flow coefficient at that crank-angle and valve lift. This value is then divided into the 
theoretical value in the port assuming no restriction. This can be written in its final 
form in the following equation, 2.7, Xu, 2001. 
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As can be observed there is no simple way to compare values calculated from the two 
methods shown here. 
 
The next calculation, called the gulp factor or Mach index, is the ratio of the mean 
effective flow velocity in the port to the local sonic velocity. This is shown in 
equation 2.8, Xu, 2001: 
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The volumetric efficiency of the intake valves decreases sharply when the gulp factor 
is above a value of 0.5, and so is an essential guide to inlet design. A plot of 
volumetric efficiency versus the Mach index is shown for a range of inlet valve sizes 
and ratios of bore to stroke, in figure 2.13, Lumley, 1999. This graph shows that the 
values all collapse onto one line, and clearly demonstrates the relationship between 
the volumetric efficiency, equation 2.9, Heywood, 1988, and the Mach index. 
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Figure 2.13: Volumetric efficiency versus Mach index for several engine geometries 
From: Lumley, 1999 
 
The final calculations concern the additional integral flow measurements performed 
on the steady flow rig, i.e. the swirl and tumble measurements. As most users use a 
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similar method for both the swirl and the tumble, only the analysis for the swirl ratio 
and swirl number will be dealt with here. 
 
Here the angular velocity of the flow is divided by the angular velocity of the engine 
giving a non dimensional number, Lumley, 1999, 2.10. The methods for determining 
the angular velocity of the flow from LDA data are given in chapter 5 for the steady 
flow measurements and in chapter 6 for the motored engine results. The motored 
engine results given in chapter 6 however, show that the assumption of uniform flow 
across the cylinder, while possibly acceptable for swirl, is not valid for tumble and 
that more than one plane needs to be measured to gauge the true tumble flow 
structure. 
 
ω2πωS ErR =  2.10
The assumed engine speed is obtained by taking the mean axial in-cylinder air 
velocity to be equal to the mean piston speed in an engine, Thien, 1965. The equation 
for the assumed engine speed in rps is: 
 
2S
Vω cylAE =  2.11
 
The angular momentum flux G, Ricardo, 1993, is given by: 
 
8
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G is the torque that would be measured by a torque momentum meter and so 
combining 2.10 and 2.12 we get the relationship: 
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Similar to the calculations for the mean flow coefficient, the swirl ratios can be 
converted to a single number that attempts to quantify the performance of the engine. 
This number is called the swirl number. The assumptions made in this calculation are 
that the volumetric efficiency is 100%, the port retains the same flow and 
characteristics under transient conditions as steady state conditions, a forced vortex 
regime exists in the engine cylinder and that the angular momentum is conserved with 
zero effect from skin friction. Again the analysis from AVL and Ricardo are different 
in the same way as for the calculation of the mean flow coefficient. 
 
Given the above assumptions and conditions, the swirl ratio from the Ricardo 
analysis, Ricardo, 1993, becomes: 
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While that from AVL, Xu, 2001, is given by: 
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2.3 PREVIOUS MEASUREMENTS 
2.3.1 Steady State Measurements 
The earliest work in this field was concerned with measurements of the discharge and 
flow coefficients through the valve gap and relied on pressure measurements alone, 
Lucke, 1906, Tanaka, 1929, Reynolds, 1939, Walden, 1939, Livengood and Stanitz, 
1943 and Stanitz et al., 1946. The results from these pieces of work showed the 
importance of the port and valve geometry to the volumetric efficiency of the engine 
and the work of Tanaka, 1929, was the first to show evidence of the flow separations 
from the valve seat and valve head as illustrated in figure 2.11. 
 
A defining paper was published by Kastner et Al, 1963, where the area of the valve 
flow was accurately defined in terms of the valve geometry. Previous work had used a 
simple value for the valve/lift area of the valve or valve seat diameter combined with 
the valve lift, or in one case, Waldron, 1939, who used a single value of the frustum of 
a cone with sides perpendicular to the valve seat. Kastner et al split the valve area into 
three separate regions depending on the valve lift and a description of this method is 
given in chapter 4, Preliminary Analysis. One of the first pieces of work performed 
was an experimental verification of the analysis of Tanaka, utilising a ten times real 
size model and a micro Pitot tube, showing the separation of the flow from the valve 
head and the valve seat in very good agreement with the hypothesis of Tanaka. This 
work continued by looking at moving valves with a constant pressure drop, where the 
valves were cam driven on a steady state rig and a pressure release valve was used to 
maintain a constant pressure drop for the transient valve lifts. The discharge 
coefficient was measured for different port to valve diameter ratios, but no change in 
the value of the coefficient was observed. However shaping of the port to change the 
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flow direction on to the head improved the coefficient by delaying, in terms of valve 
lift, the separation of the flow from the valve head. The final piece of work looked at 
moving valves and piston induced flow where a comparison of theoretical and 
experimental results showed the experiments to give a lower in-cylinder pressure on 
the valve opening time and a higher in-cylinder pressure on valve closing. This was 
thought to be due to pulsations in the inlet pipe. Pressure recovery in the cylinder was 
observed to be faster at slow engine speeds. The theoretical analysis performed did 
not make any allowances for heat transfer and the authors conceded that this may 
have explained some of the results. They also noticed that raising the compression 
ratio led to a lower volumetric efficiency, and that the agreement between calculated 
and measured in-cylinder pressures was better at high engine speeds, with this 
pressure being over estimated at speeds below 2500 rpm, even if heat transfer is 
allowed for. The final conclusions from the authors were that rounded valve edges 
were better than sharp edges by up to 20% in terms of mass flow and that dynamic 
and static measurements gave similar results. However, at low cams speeds the rate of 
flow was higher dynamically and this could be due to the separation occurring at 
different lifts dynamically. Finally they concluded that the performance of inlet valves 
can be predicted with reasonable accuracy using the discharge coefficients measured 
from static tests. 
 
With the advent of laser techniques and the ready availability of computing power, the 
research in this area started measuring air velocities directly, calculating flow 
conditions using one dimensional simulation codes and full flow fields using 
computational fluid dynamics (CFD). These tools and general advances in technology 
meant that the type of measurement that could be made took a leap forward in being 
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able to measure under evermore realistic conditions and the more relevant parameters 
concerned with this type of flow condition. One of the major changes brought about 
by these techniques was that the structure of the flow field could now be measured, 
giving more detailed information than that available from the previously used bulk 
flow measurements. 
 
Early studies were performed by Wigley and Hawkins, 1978 and Wigley and Glanz, 
1984, where LDA was utilised to make measurements under steady flow conditions. 
The second study used a higher resolution mesh than the first, measuring over 10 radii 
as opposed to 4 as the first study had highlighted the importance of the flow structure 
in the cylinder. Additionally, the turbulence levels based on the root mean square 
(RMS) velocities were calculated in the second study, as an early attempt to supply 
more detailed boundary condition data for computational fluid dynamics (CFD) 
codes. 
 
Air flow measurements through poppet valves, under both steady state and dynamic 
conditions, were performed by Fukitani and Watanabe, 1982. The experimental rig 
used was the same for both sets of experiments, allowing direct comparisons to be 
made, with the cam being driven by an electric motor for the dynamic measurements. 
The authors gave the equations used for calculating the steady and dynamic flow 
coefficients and found the value of the dynamic flow coefficient to be always lower 
than the steady state value, up to 35% in the worst case. Their results showed that a 
large valve diameter with a lower maximum valve lift displays a higher coefficient 
than a smaller diameter and a higher lift, when the integrated valve area was kept 
constant. In modern engine design it is typical to have the inlet valve diameters the 
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maximum size permitted by the engine geometry, and so the effects noted here would 
be minimised. 
 
A combined experimental and theoretical investigation into the intake flow produced 
by a helical port was performed by Brandstaetter et al, 1985. Three component LDA 
measurements were performed in the valve gap around the periphery of the valve head 
and at different distances from the cylinder head, between the cylinder head and the 
valve head for different valve lifts. Unsteady gas dynamic calculations were used to 
determine the thermodynamic conditions immediately upstream of the valve and the 
mass flow rate through the valve gap throughout the intake stroke. These two were 
combined to give quasi-steady velocity profiles which were used as boundary 
conditions for a CFD model of the in-cylinder flow. This piece of work shows a good 
use of different techniques being combined to gain a greater understanding of the in-
cylinder flow, although the authors acknowledge potential problems with spatial 
accuracy and even the validity of a k-ε model to these types of flow. However, it 
should be noted that this was an early attempt at using CFD for engine studies. 
 
An automated LDA system was described by Glanz, 2000, where the system was used 
to measure axial velocities in the cylinder of a steady state test rig. The rig was 
designed to run fully automatically overnight, using a hexagonal matrix of 
measurement points at half bore downstream from the head. The density of the 
number of points was examined to find a number that gave good accuracy, had points 
close to the cylinder wall and could be completed in a reasonable amount of time. The 
author first outlined the difficulties of using the same integrating devices for tumble 
flow as had been successfully used for swirling flows over many decades, i.e. swirl 
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vanes and swirl torque meters. The major concern is that it is difficult to relate tumble 
measurements made with integrating devices to combustion performance. The 
author’s solution was to use LDA to measure the flow structures, and by using 
suitable integration techniques to derive the same parameters measured by the 
integrating devices, i.e. tumble ratio and tumble axis. Examples are shown where the 
derived tumble ratio from two heads is almost identical, but the combustion 
performance on the engine behaves quite differently. By looking at the detailed flow 
structures it became possible to start understanding these differences in performance 
in relation to the flows measured on the steady state rig. This was the first study where 
the flow structures were seen as important to understanding the combustion behaviour 
in an engine. As I was closely involved in the design and construction of this flow rig, 
the measurement strategies and analysis in this thesis follow similar techniques to the 
one described here. 
 
A comprehensive review of steady state measurements was given by Xu, 2001, where 
the author investigated the different techniques and calculations used by different 
users, with particular reference to AVL and Ricardo. It is quite clear that in general no 
simple comparison exists between these two main methods, due in large part to the 
fact that AVL uses the flow between TDC and BDC to calculate the flow into a 
cylinder whereas Ricardo uses the flow between inlet valve opening and inlet valve 
closing. This highlights the problem of there being no standard method of performing 
these measurements. The paper gave all the relevant equations that are used for 
discharge coefficient, flow coefficient and swirl and tumble ratio. The author also 
looked at the various experimental techniques which have been employed including 
swirl vanes, swirl torque meters, LDA and PIV. He also noted the difficulty of 
Chapter 2                                                       Literature Review 
___________________________________________________ 
 
34 
measuring tumble in the same easy way that swirl has been measured for many years. 
For the optical techniques that can be employed for these measurements, the paper 
also considered the difficulty of defining a centre of rotation for the calculations of the 
swirl or tumble ratio, and again noted the different approaches that have been used. 
The final section looked at the link between the steady flow tests and engine 
combustion. It was stated that it is very difficult to relate combustion performance to a 
single number like tumble ratio, although this is easier in a swirl based engine. 
 
A new method for measuring port generated flow in an engine cylinder under steady 
state conditions, at Volkswagen, was described by Bensler et al, 2002. In this study 
PIV was used to measure the swirling flow from a cylinder head, at different distances 
downstream from the head and compared to CFD predictions. There is a good section 
on the calculations performed on the velocity vectors to obtain swirl numbers and also 
a swirl stability number based on taking up to 50 double images. Examples of both 
experimental and CFD results were presented, with the experimental results showing 
the advantage of utilising such a measurement system. One of the main points 
discussed by the authors was the ability of this technique to measure the flow 
structures in the cylinder, which is not possible with the traditional methods.  
 
 
2.3.2 Engine Measurements 
The review up to this point has considered studies where the main emphasis of the 
work was looking at the flows under steady state conditions. This part now looks at 
work carried out in the cylinders of running engines. 
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A paper by Rothrock and Spencer, 1938, describes combustion imaging using 
Schlieren photography, to gauge combustion rates for different inlet conditions. The 
authors found that a directed, high speed, swirl flow increased the rate of combustion, 
and that this flow also increased the reproducibility of the measurements or 
combustion stability. They also found that doubling the engine speed but keeping the 
inlet velocity constant had the same effect on increasing the combustion rate as 
holding the engine speed constant and doubling the inlet air velocity. This increase in 
combustion rate was assumed to be due to an increase in the turbulence levels caused 
by the inlet air. Further work looked at the effect of injection timing, where it was 
found that increasing the time between injection and spark, improved the combustion 
as did directing the inlet air flow to pass across the injector during the injection 
period. Although not stated and possibly not realised, this early piece of work was 
showing the effects of mixing time for the air and the fuel, and the importance of the 
decay time of the mean flow into turbulence kinetic energy on the combustion speed. 
 
Work by Lee, 1938, studied the in-cylinder air motion in a motored four valve, pent 
roof, single cylinder engine. The engine was optically accessed with a glass liner and 
small feathers were used as a seeding source. An arc lamp was used to illuminate the 
cylinder and a high speed camera was used to image the feathers. Air velocity was 
calculated from looking at the movement between consecutive frames of the camera, 
and measuring the distance moved and using the frame time to calculate velocity. The 
tumble flow was observed to decay. The engine was run at two speeds, 500rpm and 
1000rpm, and in this range the air velocities were found to scale with engine speed. 
Although the degree of turbulence could only be deduced from looking at the motion 
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pictures, the authors felt that the higher the rotational speed of the flow the more 
ordered the flow, or lower turbulence could be discerned.  
 
Some of the very first in-cylinder measurements in a production engine with LDA, 
were reported by Wigley and Renshaw, 1979. A large part of this paper dealt with the 
application of the technique in a new environment. The engine used was a motored 
production Diesel engine with the optical access provided by a quartz window 
positioned in an enlarged injector hole in the cylinder head. This allowed the authors 
to make measurements along a radius in the bowl, at different depths into the bowl. 
The data were collected over a forty degree crank angle window symmetrical about 
top dead centre on the compression stroke, and the results were compared to predicted 
results from steady state measurements. The swirl velocities measured were found to 
be in reasonably good agreement with the predicted values at certain times in the 
cycle, but as the measurements clearly showed that the centre of the swirl moved 
during the engine cycle and the predictions assumed a fixed centre of swirl, 
differences were to be expected. The measurements were also made for a range of 
engine speeds, 1000, 1600 and 2800 rpm, allowing the swirl ratio to be calculated. At 
all speeds the swirl ratio calculated from the steady flow measurements was found to 
over predict that measured in the motored engine, with the difference becoming 
greater at higher engine speeds. The RMS velocities shown as a measure of the 
turbulence, increased with increasing engine speed. 
 
Steady and unsteady flow measurements were made through an axi-symmetric valve 
by Bicen et al, 1984. Two types of measurement were performed, standard steady 
flow measurements of mass flow rate versus valve lift, and LDA measurements to 
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both confirm the nature of the mass flow results and to offer an explanation for the 
structures observed. The mass flow measurements indicated that the mass flow versus 
valve lift curve could be split into four distinct regimes, independent of pressure drop. 
These regimes reflected the air attached to the valve head and the valve seat, 
separation from the valve head, separation from both the valve head and the valve seat 
and finally re-attachment of the flow to the valve head. There were well defined valve 
lifts at which the airflow regime changed from one to another and the LDA 
measurements at the exit of the valve supported these findings which could be clearly 
observed in the velocity profiles measured. The LDA measurements were then 
repeated for unsteady conditions, firstly with piston driven airflow but a static valve 
and secondly with a moving valve. Very little difference was observed between any of 
these running conditions at all valve lifts studied, suggesting that the steady flow 
measurements from the valve gap would be adequate boundary conditions for CFD 
models. However, when the steady and unsteady measurements were performed in the 
cylinder, 15mm below the head, significant differences were observed indicating the 
influence of the piston on the in-cylinder flow. 
 
 
A comparison of the inlet gap flows generated under steady state and motoring 
conditions was performed by Hoefler et al, 1993. The measurements were made by 
LDA and all three components of velocity were measured. The engine was a helically 
ported Diesel engine run at 1000 rpm and the steady state measurements were 
performed at a comparable 250mm of water pressure drop. The magnitude and 
direction of the velocity vectors were found to be similar at most points around the 
valve periphery, but with the steady state flow giving slightly higher velocities at 
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maximum valve lift. When the mass flow rates of the steady state and the engine were 
investigated it was found that the instantaneous mass flow rate through the engine was 
slightly lower and normalising the vectors by the corresponding mass flow rates then 
gave almost identical answers. The differences in the mass flow rates were attributed 
to the engine running with an inlet manifold which was missing from the steady flow 
rig. The conclusion from this work was that provided mass flow rate was allowed for, 
steady state results can be taken as indicative of the flow into the engine and can 
therefore be used as suitable inlet conditions for running computational fluid 
dynamics codes. 
 
Tumble flow and its decay into turbulence was studied by Kang and Baek, 1995, in a 
pent roof, four valve motor cycle engine using LDA. One of the first points raised by 
the authors was that most auto manufacturers look at the generation of tumble on 
steady flow rigs without considering the later break down into turbulence. The 
measurements were made on the cylinder centre line at several axial distances down 
from the cylinder head, and also in two horizontal planes. The LDA data were 
processed using ensemble averaging, but this was followed by some additional 
innovative processing. The tumble moment was calculated and showed some 
differences, particularly on the compression stroke, between the three different inlet 
port geometries used. However, two of the ports showed very similar results here and 
there was no way to distinguish which tumbling motion was more effective at 
breaking down into turbulence during the compression phase of the engine. To try to 
resolve this the authors developed two further processing techniques, one looking at 
the eccentricity of the tumble centre away from the instantaneous cylinder centre, and 
the second being a shape factor for the tumble velocity profile, i.e. convex, linear or 
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concave. The combination of these techniques allowed the previous two similar ports 
to be clearly differentiated both in terms of eccentricity and shape, and helped with 
the interpretation of the RMS velocities measured. With ensemble averaging the main 
assumption here is that the cycle to cycle fluctuations are similar for all inlet port 
geometries. The conclusion to this work was that the port which has an eccentric 
tumble centre above the instantaneous cylinder centre and a near linear profile, decays 
rapidly during the compression phase of the cycle leading to enhanced turbulence 
generation. 
 
Several methods of calculating the tumble ratio from LDA measurements in a 
motored engine were presented by Pitcher and Wigley, 2001. The measurements were 
made in three axial planes in the engine during the induction and compression strokes, 
at 1500 rpm. The analysis methods adopted were based on angular velocity, angular 
momentum, solid body rotation and the curl of the vector field. The objective was to 
compare the tumble ratios from a motored engine to those generated on a steady flow 
rig, where traditionally most of these measurements are performed. The tumble ratio 
was calculated for all crank angles for one plane in the cylinder and it was observed 
that it was only at bottom dead centre that the values from the different methods 
started to converge with large differences being seen during the early to mid induction 
periods. The convergence only occurred when the vector plots indicated a 
considerable decay in the velocity data as the piston slowed down and the inlet valve 
was closing. The authors concluded that the curl of the vector field gave the only 
value that considered local rotation in the cylinder. Of course considering local 
rotations is probably not going to give a good comparison with the usual bulk flow 
characteristics measured on a steady state rig. 
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Two component LDA measurements were performed in an optical engine under two 
different inlet valve strategies, one for spark ignition and one for controlled auto-
ignition, by Pitcher et al, 2003. As the measurements were made through the curved 
liner wall, the two components of velocity were made independently. The data were 
ensemble averaged to give a mean velocity and an RMS of velocity. To improve run 
times a low seeding density was used, excluding the possibility of any cycle to cycle 
variation analysis. The data were presented as vectors plots, giving a visual indication 
of the differences in the two flow fields, but were then further processed to help with a 
more quantitative comparison. The curl of the vector field was calculated to give a 
measure of the vorticity, and a mean of the vorticity enabled a tumble ratio for the two 
flows to be calculated. Additionally, the RMS values were used to calculate the 
turbulent kinetic energy, although the proviso was given that these values also 
included any cyclic fluctuations.  
 
In-cylinder air flow measurements were made by PIV for a range of engines speeds 
by Stansfield et al, 2007. The engine was motored at speeds of 750 rpm representing 
idle conditions, 2000 and 3500 rpm with measurements performed during the 
induction and compression phases of the cycle. The paper addressed the problems 
associated with high engine speeds measurements, i.e. high velocity band width, heat 
generation and window fouling. The measurements were ensemble averaged to 
produce mean velocities and further post processed to generate tumble ratios and 
vortex centre tracking. The principal results from this work regarded the changes that 
occurred with the higher engine speeds. It was found that the air velocities scaled 
reasonable well with engine speed between 750 and 2000 rpm but not for 3500 rpm. 
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The tumble ratio was also seen to develop a different pattern when plotted against 
crank-angle at 3500 rpm. Inspection of the vector plots showed that one of the 
vortices in the cylinder had a different structure at the highest engine speed, leading to 
the different calculated tumble ratio and this was confirmed by observing the vortex 
centre tracking. 
 
Following on from the previous paper, further measurements were performed in the 
engine utilising early inlet valve closing as a method of reducing pumping losses in 
the engine by running with a wide open throttle, by Pitcher et al, 2008. PIV was again 
used to make the measurements, which concentrated on the induction stroke when 
interaction of the inlet air and the direct injected fuel spray would occur, at an engine 
speed of 3500 rpm. The processing of the data was improved with the use of various 
filters to clean up the data, allowing single cycle data to be studied. To get a better 
feel for the 3D nature of the flow, measurements were made in three vertical planes 
and on horizontal plane allowing the vortex structures to be followed and their 
interaction with flow in the perpendicular plane. The differences in the flow fields due 
to the change in valve strategy were noted but no detail was given as the paper 
concentrated on describing the flow field generated for this particular strategy. The 
inter-frame time between images was changed during the engine cycle to reflect the 
change in velocities as the flow decayed after the inlet valve had closed. 
 
Measurements were performed in two single cylinder engine, one optical and one 
thermodynamic, by Pitcher et al, 2008. The work concentrated on the effects on 
combustion of early inlet valve closing which is a strategy to reduce pumping losses 
in a four stroke spark ignition engine. Results from the thermodynamic engine 
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indicated a much slower combustion event, 50 to 60 degrees crank-angle, for the 0 to 
10% mass fraction burnt with early inlet valve closing and wide open throttle when 
compared to standard valve profiles and throttling of the engine. Combustion imaging 
in the optical engine confirmed these results and also showed a different direction of 
burn during the early combustion phase. It was known from the in-cylinder conditions 
that a lower laminar flame speed was to be expected for the early inlet valve closing, 
due to lower in-cylinder pressures and temperatures, but this was not expected to 
generate such large differences in the overall combustion rates. In an attempt to 
further clarify the causes of the slow combustion, LDA measurements were made in 
the vicinity of the spark plug. The data were ensemble averaged to give mean and 
RMS velocities at the time of ignition for the two engine strategies. The results 
showed a changed in direction of the mean velocity, leading to a change in direction 
of the convective part of the combustion rate. Additionally, the RMS levels were 
higher for the throttled strategy, indicating a higher turbulence intensity aiding the rate 
of combustion. 
 
 
These references only represent a small number of publications available for 
measurements in engines and valve systems and serve to show the continued and 
much varied interest in these types of measurements and simulations. The first 
reference found for this type of work was Lucke, 1906, with one of the latest being 
Pitcher et Al, 2008, representing over 100 years of continuous research and 
development in this area. This is still a very active research field, with all aspects of 
the internal combustion engine being studied in great detail. Nowadays, much of this 
research is being led and guided by the need to meet emission regulations and good 
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fuel economy to preserve a finite stock of oil. However, the engine has to be sold to 
the customer, and so along with the previous two requirements, the manufacturer has 
to ensure that expected performance can also be met. 
 
When looking through the literature, it quickly becomes apparent that little work has 
been done on direct comparisons between steady state measurements and the unsteady 
flows found in a running engine. The work that has been done has tended to 
concentrate on small areas of the in-cylinder flow or been concerned with mass flow 
rates. As the last paper reviewed showed, there is increasingly a need to look at the 
flow structures and their subsequent decay, in more detail to better understand the air 
fuel mixing and combustion characteristics. There is a lot of early work available on 
steady state flow, with later work concentrating on in-cylinder flows as the techniques 
and technology became available. 
 
The following chapter will give details of the techniques used for this particular piece 
of work. 
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Chapter 3: EXPERIMENTAL TECHNIQUES 
The rigs and instrumentation for this work can be split into three major components, a 
steady flow rig, an optical engine and laser diagnostic techniques. The laser 
diagnostics can be further split into Laser Doppler Anemometry (LDA) and Particle 
Image Velocimetry (PIV). These three major components, used in this work, each 
bring their own unique insight into the flows under steady state and transient 
conditions. This section will give a detailed description of the techniques, pointing out 
their particular benefits and drawbacks, and which part of the investigation they will 
be used on. As will be seen, there are also additional benefits to be obtained by using 
more than one technique to measure certain parameters, enhancing the data that could 
be obtained by a single technique on its own. 
 
3.1 STEADY FLOW RIG 
3.1.1 Introduction 
The function of engine valves is to exhaust the combustion gases at the end of the 
cycle and to admit the fresh charge of air or an air fuel mixture to the cylinder at the 
start of the next cycle. The efficiency of this air charge exchange, engine breathing, 
and the required work to obtain this, affect both the engine performance and fuel 
economy in as much as the more power required from the engine to perform this task, 
the less power is available to move the vehicle. The steady flow rig is a standard piece 
of equipment used by engine manufacturers to measure the discharge coefficients 
through inlet and exhaust valves, where the discharge coefficient is the ratio between 
the measured flow through the valves to the theoretical, or ideal, flow through the 
system. This then gives the engine developer an indication of the efficiency of the port 
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and valve system. Additionally, further integral values such as swirl ratio and tumble 
ratio are measured on these rigs with the addition of swirl vanes or torque momentum 
meters. These parameters can give a single number describing the flow in the engine 
cylinder and can in some instances be linked to the expected combustion performance 
from the engine, Thien, 1965, Trigui et al., 1994 and Xu, 2001. The major advantage 
of this technique is its ease and speed to supply these numbers, allowing for quick 
modification of the engine to improve the engine breathing. The disadvantage of the 
technique is that in its standard form it only supplies integral values of the flow, with 
no information on the flow structure, and as was seen in the last chapter, this flow 
structure is becoming more important to engine design. Different measuring 
techniques applicable to obtaining information on the flow structure as well as the 
efficiency of the valve system were also described in the previous chapter, Xu, 2001 
and Bensler et al, 2002. 
 
3.1.2 The Steady Flow Rig 
At its basic level, the steady flow rig consists of a pump to pull or push air through 
open valves via a cylinder and measures the volume flow rate for fixed pressure drops 
and valve lifts. This flow rate is then divided by the calculated theoretical value to 
give the discharge coefficient as a function of valve lift, normally for one pressure 
drop. The usual method for the measurement of the flow rate through the valve gap is 
by an orifice plate, which is a measurement of flow through a constriction. Here the 
flow is accelerated by causing it to flow through a constriction, which gives an 
increase in the kinetic energy, causing a drop in the pressure. The flow rate is obtained 
by measuring the pressure difference between a point upstream of the constriction, 
where the flow is assumed to be undisturbed, and at a point of reduced pressure after 
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the plate. Details of the set up and calibration of orifice plates can be found in BS EN 
ISO 5167, 2003 and additional background details can be found in Coulson and 
Richardson, 1999. The particular rig used for this work is a Superflow SF 600 flow 
bench, (Superflow Corporation, 3512 North Tejon, Colarado Springs, USA), SF-
300/600FC flowbench operator’s manual, 1976. This is a dedicated piece of 
equipment for these types of study and comes as a complete package including air 
pump, manometers for total rig pressure drop, valve pressure drop and relative 
pressure drop across the orifice plate for flow measurement, a temperature sensor for 
the air temperature and a calibration plate for the rig. The criteria for the use of the 
standard equations for an orifice meter are not met by this rig; however the system is 
calibrated for a pressure drop of 25 inches of water (635 mm) across the orifice, with 
a table of scale factors for other pressure drops, table 3.1 and figure 3.1. The rig uses a 
series of built in orifice plates for flow measurement, the plate chosen to keep a 
significant pressure drop across the orifice. There is a table of flow rates given for 
each plate and these are given in table 3.2, in order of increasing diameter of orifice 
plate at 100% reading of the inclined manometer. This manometer is scaled in 
percentage values, and this percentage is then multiplied by the full scale reading 
from the table to obtain the measured flow rate. The usual method for using the 
system is to set a pressure drop across the valve gap and then to measure the flow rate 
through the orifice plate. A schematic of the flow rig, with the corresponding pressure 
sensor positions is shown in figure 3.2. 
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Table 3.1. Scale factors for Superflow rig 
Test Pressure Inlet Exhaust
mm H2O 
1200 0.978 1.019
914 0.989 1.009
711 0.997 1.003
635 1 1
508 1.005 0.996
381 1.01 0.992
254 1.014 0.988
127 1.019 0.984
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Figure 3.1: Scale factors for superflow rig 
Table 3.2. Full scale flow rates for the orifice plates 
Orifice number Flow rate CFM 
1 35.4 
2 71.4 
3 151 
4 296 
5 445 
6 591 
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Figure 3.2: Schematic of the flow rig 
The steady state flow rig measurements are performed by first using the calibration 
plate in place of the cylinder head and liner. The plate has two precision orifices, one 
for high flow rate and one for a low flow rate, and these are combined with fixed 
settings of the rig in terms of pressure drop and orifice plate selection to measure the 
flow rate through these orifices. This technique is used as a check on the factory 
calibration and should produce a given value for the flow rate. These tests are 
performed at the start of each day, and in my experience have always produced a 
successful outcome, lending confidence to the rig as a whole. The cylinder head and 
liner are then attached to the flow rig, with plasticine used to give a smoother entry of 
the air to the inlet port. A hemisphere of plasticine is positioned all around the outside 
of the port entry to remove the sharp corners that would otherwise exist, which could 
cause large re-circulations to form and act as a restriction to the inlet flow. The valve 
lift is then set, using micrometers to measure the valve lift, and the rig is switched on. 
The flow rate is adjusted until the desired pressure drop across the valves is observed, 
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and the flow rate is then measured from the inclined manometer. The pressure in the 
cylinder, downstream of the valves is measured relative to the stagnation pressure 
upstream, to obtain the pressure drop of the system, where the pressure in the cylinder 
is taken to represent the pressure at the restriction of the valve gap, Heywood, 1988. 
The ambient air temperature and barometric pressure are recorded, these being taken 
to represent the inlet air conditions of the stagnation area upstream of the valve, and 
are used in conjunction with the measured flow rate to calculate the mass flow rate. 
The next valve lift is set and the measurement procedure is repeated. Normally this 
procedure is performed at one pressure drop and valve lift increments of 1mm, 
however in this work several pressure drops were utilised and some measurements 
were performed with a higher resolution on the valve lift increments. From these 
measurements the mass flow rate, discharge coefficient and flow coefficient could be 
calculated. A schematic for the experimental set up for these measurements was 
shown in figure 3.2. 
 
3.1.3 Additional Integral Flow Measurements 
With some simple additions to the flow rig it is also possible to gain integral 
information on the flows being generated in the cylinder, in terms of the swirl or 
tumble motion. Swirl motion is the simplest component to measure and for many 
years this has been achieved by placing swirl vanes into the cylinder and recording the 
rotational speed of the vanes while the flow was active. Typically these vane 
anemometers had two vanes meaning they could only react to the largest bulk flow 
motion in the cylinder, figure 3.3. 
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Figure 3.3: Schematic of Swirl Vanes in the Cylinder 
 
In an attempt to improve the accuracy of these measurements, Tippelmann, 1976, 
introduced the angular momentum torque meter, which is essentially a flow 
straightener attached to a torsion wire with the torque applied to the flow, related to 
the measured twist of the wire, being related to the angular momentum of the flow 
about the axis of the torsion wire. This technique could take advantage of including 
more local effects in the flow due to the many channels in the flow straightener as can 
be seen in figure 3.4. Both of these techniques work well for swirl measurements as 
they automatically sit in the correct orientation to measure this component. 
  
Figure 3.4: Torque Momentum Meter and Cross Section of Mesh 
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The tumble component is more difficult to measure, but with advent of 4 valve pent 
roof heads it has become more important as it is now the dominant flow structure in 
the cylinder, and traditionally two approaches have been used to create an artificial 
swirl type flow to make these measurements. The first technique is the ‘L’ section, 
Thien, 1965, where the head is set perpendicular to the cylinder, allowing the tumble 
flow generated to be treated as a swirl flow. The general principle of this technique is 
shown schematically in figure 3.5 showing the arrangement required to measure the 
tumble motion with a swirl vane anemometer. 
 
 
Figure 3.5: ‘L’ section used to transform the tumble flow into a swirl flow 
 
The second arrangement for the tumble flow measurements is shown in figure 3.6, 
where the rotation of the flow is measured by two swirl vanes in pipes at right angles 
to the cylinder, Sandford, 1993. The bottom of the pipe acts as a dummy piston crown 
in an attempt to generate the same tumble flow as would be expected in an engine 
which is a slight improvement over the first technique described above. The problem 
with this arrangement is that the piston position is static and the same for all valve 
lifts. 
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Both of these techniques suffer from having to turn the flow through ninety degrees 
with the inevitable losses associated with this change in direction. However, in 
general these techniques are used for comparison purposes and therefore relative 
measurements of the tumble, making them a useful tool for engine design where the 
tumble flow needs to be increased. It would be very difficult to use either method for 
an absolute measure of the tumble and this is one of the reasons that several people 
have moved to using laser based methods to perform these measurements, either laser 
Doppler anemometry of particle image velocimetry, Glanz, 2000, Benzler, 2002. 
 
Figure 3.6: Second arrangement for tumble flow measurements 
 
3.2 THE OPTICAL ENGINE 
3.2.1 Introduction 
Optically accessed engines by means of small windows have been used since the 
1930s, in attempts to study both in-cylinder flows and combustion in internal 
combustion engines. The early experiments all used imaging techniques and streak 
cameras, combined with feathers being used to track the in-cylinder motion, e.g. Lee, 
Chapter 3                                          Experimental Techniques 
___________________________________________________ 
 
53 
1938, and also to study rates of combustion, e.g. Rassweiler and Withrow, 1938. The 
advance of laser techniques in the 1970s allowed better quantitative measurements of 
in-cylinder flows to be made, particularly Laser Doppler Anemometry, although the 
first measurements still used small windows to access these flows, giving a strict 
limitation on the measurements that could be made, e.g. Wigley and Renshaw, 1979. 
By the 1980s however, glass liners able to withstand combustion at idle and part load 
were becoming more common, allowing a much more detailed mapping of the in-
cylinder flows and for Diesel engines even information on the injection process using 
Phase Doppler Anemometry, e.g. Pitcher and Wigley, 1989. Development of these 
research engines continued,  they were almost exclusively single cylinder engines, up 
to the present day and in fact are still developing, where they have reached the state of 
being very close to an actual engine and giving unprecedented optical access allowing 
a whole range of laser and imaging techniques to be deployed. Several institutions are 
using optical engines in the present day, with some examples being Sandia national 
laboratories, Keller and Singh, 2001, IFP, Kashdan and Thirouald, 2002, Lund 
University, Aronsson, 2011 and Toyota, Fuyuto et al., 2011. The Lotus optical engine 
used for this work falls into this category and will now be described. 
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3.2.2 The Lotus Optical Engine 
The Lotus Single Cylinder Optical Research Engine, SCORE, was specifically 
designed and built to maximise optical access while not compromising the 
functionality of the engine performance, Allen et al., 1999 and Allen et al., 2000.One 
of the main objectives of the design was to have the complete engine cylinder, 
including any pent roof shaping, manufactured from fused silica, SiO2, and so 
allowing complete optical access to the cylinder through the liner. For a pent roof 
geometry this was achieved by machining a curved surface on to the top of the liner 
with the negative of this curve being spark eroded into the cylinder head. This could 
be obtained with no compromise to the original combustion chamber geometry of the 
cylinder head. To aid this, the cylinder head was manufactured from cast iron, 
removing the need for valve seat inserts which would have broken through into the 
groove to take the optical liner, figure 3.7. 
 
Figure 3.7: Shaped top to the glass liner 
 
Chapter 3                                          Experimental Techniques 
___________________________________________________ 
 
55 
 A second optical access was incorporated by using the now common Bowditch piston 
design, Bowditch, 1961, with a sapphire, Al2O3, window in the piston crown. This 
allows a 45 degree mirror to be positioned in between the legs of the piston to give 
optical access through the window in the piston crown, figure 3.8. The body of the 
piston was made from aluminium while the screw on crown was made from titanium 
which has a very similar coefficient of expansion as the sapphire. The complete 
engine is shown in the photograph in figure 3.9. 
 
Figure 3.8: The Bowditch Piston Assembly 
 
In keeping with the desire to optimise the optical access, the cylinder head was 
mounted on four asymmetrically spaced pillars allowing the complete range of laser 
diagnostics to be utilised, including Phase Doppler Anemometry with a scattering 
angle of 70 degrees, Pitcher et al., 1990. A schematic showing the location of the 
pillars and the optical access envelope for Phase Doppler Anemometry is shown in 
figure 3.10. 
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Figure 3.9: The Optical Engine with the LDA System 
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Figure 3.10: Plan view showing support pillar arrangement with the black lines 
denoting the envelope for Phase Doppler Anemometry 
 
With the head supported on pillars, the cylinder liner is held in place by an hydraulic 
ram which lifts the liner into position in the head, using a silicon rubber gasket, 
possible as the recess in the head means the gasket does not see the combustion. It has 
been found in practice that for spark ignition operation, a pressure of 10 bar on the 
hydraulic ram is sufficient to effect sealing. There is a pressure relief valve on the 
hydraulic system to prevent over pressure as the engine heats up and expands during 
running. 
 
The piston compression ring has to run in the optical liner, and to keep the engine 
operation as realistic as possible it was positioned in the piston crown to match the 
donor engine. Much work was carried out at Lotus on both a dedicated friction rig and 
during engine commissioning to find a suitable material that could withstand 
combusting conditions and not damage the glass surface. The final solution is a 
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Carbon/Carbon matrix material which has proved very successful over many years of 
work. These rings are manufactured in two halves as a split ring, as the material 
properties does not allow them to be expanded over the piston crown. Further testing 
has shown this split ring arrangement to give no significant increase in blow by. The 
material is such that each ring can be used for several months of running before wear 
makes them no longer effective. The lower part of the piston runs in a steel liner as a 
more conventional piston, and contains an oil control ring and a top Napier or scraper 
ring to help prevent oil splash up into the area of the mirror. This is further helped by 
running the engine with a scavenged, dry sump and therefore having a lower than 
atmospheric pressure in the sump, which in this instance is the crank case. 
 
The crankshaft is supported on three bearings and drives primary and secondary 
counter rotating balance shafts through anti-backlash gears. Although the piston is 
manufactured from light weight materials, it still weighs more than 1.2kg, which is 
three to four times the mass of a conventional piston, and the balance shafts are 
necessary to allow the engine to run up to 5000rpm without undue vibration. 
 
Two cylinder heads were used in this work, and are based on commercially designed 
engines, the first from a 4 cylinder, 1.8l, four valves per cylinder engine and the 
second a 6 cylinder, 3l and also with four valves per cylinder. Both heads were pent 
roof design and so tumble flow based engines. The heads were designed to be either 
conventional cam based or could quickly be changed to the Lotus fully variable valve 
actuation system, AVT. In this work, measurements on the first head were performed 
with cams while those on the second head used the AVT system. The ability to 
change between the two valve actuation systems was achieved by mounting the cams 
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in two cam boxes, which then only necessitated removal of these boxes and 
replacement with the AVT system. 
 
A belt driven cross shaft was supported on the top of the crankcase, and was 
responsible for the 2:1 gearing required for the camshafts. The belt from the 
crankshaft to the cross shaft was positioned at the front of the engine, while that from 
the cross shaft to the cam shafts was at the rear of the engine. This second belt run 
was designed in such a way that the belt ran up behind the head support pillars and 
therefore did not impact on the optical access. 
 
The oil circuit is externally driven and consists of a large reservoir, a heating element, 
an inverter driven electric motor, a three stage oil pump and oil filters. The oil is 
pumped to the crankcase and the cylinder head for pre-heating of the engine by one 
stage of the pump, and to the cam shafts with a second stage. The third stage is used 
as a scavenge pump and pulls the oil back from the crank case and the cam boxes. The 
engine is typically pre-heated to 60°C with a static engine before measurements begin 
and, once this temperature has been obtained, the oil flow to the cylinder head is 
turned off so that oil pressure can be maintained in the crank bearing during engine 
operation. There is no water cooling on this engine as it was deemed unnecessary as 
the glass liner cannot be cooled with a water circuit and is one of the most critical 
parts of the engine. 
 
3.2.3 Engine Optical Components 
Although the design of the whole engine is crucial to consistent running and the 
successful collection of data, the optical components can be considered as the most 
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critical and also the parts which are most alien to the engine environment. Therefore, 
particular care has to be taken with the design of these components, with 
consideration also given to their mounting in the engine, to ensure the safety and 
integrity of the parts. It has to be remembered that the optical parts have to withstand 
reasonably high transient pressures and temperatures and that they will also 
experience the rapid combustion from the engine. Therefore, it is important to 
approach the design of these components carefully. 
 
There are conflicting issues regarding windows in engines, particularly for laser 
diagnostics where high quality optical properties are desirable. Ideally the windows 
would be thin to minimise optical aberrations, thermal stresses and, for use in piston 
crowns, the reciprocating mass. At the same time they need to be thick for mechanical 
stability, ease of mounting and handling and to withstand the in-cylinder pressures. 
The in-cylinder pressure is the most critical parameter of all these factors and 
therefore the thickness of the glass is usually determined by this parameter, while 
keeping all the other points in mind. 
 
The peak in-cylinder pressure that the optical components can be expected to see can 
be estimated, calculated, measured or selected. Normally a peak pressure is selected 
with the compromise of knowing that it will not be possible to run the engine under 
full load conditions. This is done to keep the glass walls as thin as possible but still 
allowing for a representative engine load to be run. Here it should be remembered that 
an engine spends very little of its working life at full load. For a spark ignition engine 
a maximum peak pressure would be expected to be in the region of 80 bar, but for the 
work on this optical engine the peak pressure is limited to 50 bar. It should also be 
Chapter 3                                          Experimental Techniques 
___________________________________________________ 
 
61 
noted that the modern trend of looking at massive down sizing, with high inlet charge 
boosting, as a method of reducing fuel consumption and hence CO2 emissions, will 
lift this peak pressure considerably to over 100 bar, and in the future this may 
necessitate a change in the peak pressures that the optical components will have to 
experience. Having determined the maximum pressure to be allowed, a hoop stress 
analysis can be performed with the input parameters of inner liner radius, maximum 
pressure and the tensile strength of the glass. This allows the outer radius of the liner, 
and hence glass thickness, to be determined thus: 
 
pσ
pσRR io −
+=  3.1
A further safety factor is placed into this calculation by dividing the tensile stress of 
the glass by 2, which is a very approximate method of allowing for the transient 
nature of the pressure and also the cyclic variations in the engine under running 
conditions. In a similar manner the thickness of a flat window in the piston crown can 
be calculated, again allowing for the same safety factor: 
 
σ
p1.09Rt =  3.2
These formulae have been used successfully over many years of running optical 
engines, with relatively long lifetimes of the optical components. In fact it is usually a 
catastrophic failure when one of these components breaks, caused by other 
mechanical failures or a sudden and unexpected very high in-cylinder pressure, as 
from an anomalous combustion cycle. An Excel program has been written to 
implement these formulae and a screen dump is shown in figure 3.11. 
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Figure 3.11: Excel Calculation Sheet for Window Thickness 
In the very first iteration of the optical engine, the design exercise also included finite 
element analysis of the glass liner, and this served to justify the use of the much 
simpler and faster hoop stress analysis for future work.  
 
To further aid in the handling, mounting and protection of the optical components, it 
has been found advantageous to protect the windows, particularly the edges, as much 
as possible without unduly reducing the optical access. To this end the piston window 
is glued  into a steel shell, figure 3.12, with a high temperature silastomer, Elastosil 
R14. The seal against the in-cylinder pressure is a well protected ‘O’ ring and as can 
be seen from the figure, there is no point at which there is glass to metal contact, 
further enhancing the integrity of the component. It is not possible to fully protect the 
cylinder liner, but a similar approach has been adopted by gluing the glass into a steel 
ring on its bottom edge, again with the same high temperature silastomer. This serves 
to protect the bottom edge during regular maintenance and helps with the handling of 
this component. 
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Figure 3.12: Protection on the piston window 
The final item to be considered in this section is the temperature that the inside 
surface of the glass reaches. It is very difficult to measure this temperature directly but 
very straightforward to measure the outer liner temperature. This is achieved using an 
infrared sensor calibrated for a glass surface. This measurement is important due to 
the properties of the fused silica used for the liner, which starts to soften at around 
850°C and so gives a maximum temperature that the inside surface can be allowed to 
reach. Heat transfer equations can be used to give an estimate of the inside glass 
temperature when the outside glass temperature is known and some basic, well 
founded assumptions are made about the peak gas temperatures in the cylinder. When 
motoring the engine, i.e. without combustion, the assumption made is that the peak 
gas temperature can be estimated using the equation for adiabatic compression: 
 ( )1
12
−= γCRTT  3.28
Where: T1 = 300K (inlet air temperature) 
  T2 = Peak gas temperature 
  CR = Compression ratio 
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  γ = 1.4 (ratio of specific heat for air) 
This gives a peak gas temperature, TG, of 753.57K. 
The inside glass surface temperature can now be calculated, selecting 100°C as an 
outside glass temperature, this value was selected purely on this being a reasonable 
temperature to allow the outside surface to reach. The analysis is based on the heat 
transfer section of the Lotus Engine simulation software, a 1 dimensional 
thermodynamic analysis, which itself is based on the work of Annand, 1963. The 
conductive heat transfer coefficient was found from the website of fused silica glass 
manufacturers, e.g. www.technicalglass.com, and the convective heat transfer 
coefficient for the gas to glass came from the Lotus engine simulation software which 
gave a figure of 485 Wm-2K-1, which is very close to the number arrived at by Remie, 
2007, who was looking at heat transfer to glass, albeit from oxy-fuel flames, who 
arrived at a number of 478 Wm-2K-1. The following symbols are used in the 
subsequent calculations. 
  TG = Gas temperature from above (753.57K) 
  TI = Inside surface temperature (K) 
TO = Outside surface temperature (373K) 
hg = Convective heat transfer coefficient of gas to glass (500Wm-2K-1) 
K = Conductive heat transfer coefficient of the glass (1.38Wm-1K-1) 
U = Combined heat transfer coefficient (Wm-2K-1) 
Th = Thickness of glass (0.014m) 
Q = Quantity of heat transferred (W) 
First the combined heat transfer coefficient, U, is calculated: 
 
K
Th
HgU
+= 11  3.29 
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This gives a value for U of 82.34Wm-2K-1. 
Next the total heat transferred from the gas to the outside surface of the glass is 
calculated: 
 ( )OG TTUTUQ −=∆=  3.30
giving a value for Q of 31336W. 
This finally allows the inside temperature of the glass to be calculated: 
 ( )
Th
TTK
Th
TKQ OI
−=∆=  3.31
giving OI TK
QThT +=  3.32
This gives an estimated glass surface temperature of 691K or 418°C, which is well 
inside the acceptable limit for the glass. A similar calculation can be performed for the 
case when the engine is firing, although in this instance the peak gas temperature has 
been estimated to be 1200K as an average over the complete engine cycle, again 
based on results from the Lotus engine simulation software. This gives an inside glass 
surface temperature of 1064K or 791°C, which is now getting close to the accepted 
limit but is deemed acceptable due to the short run times experienced when measuring 
in a firing engine. Therefore, the end result of these calculations is that 100°C is an 
acceptable figure to work to for all modes of running the engine and has subsequently 
been adopted for all work on this engine. 
 
This value obviously has an impact on the run times that can be obtained under 
different running conditions. The first extreme of this is at 1000rpm motored it is 
possible to run for twenty to thirty minutes before a temperature is observed for the 
outer liner wall. The opposite extreme comes from 5000rpm and fired, albeit at a 
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relatively low load, and here the run time can be as low as two minutes before the 
outside glass temperature reaches the value of 100°C. For the majority of the work 
performed on this engine, the running conditions have been somewhere in between 
these two extremes, i.e. when fired the engine has always been run at low loads and 
seldom at 5000rpm, and it has been found that this cylinder temperature constraint has 
allowed enough time to collect significant data samples before having to stop due to 
temperature. It is also the case that the measurement is halted due to window fouling 
before this temperature is reached, especially when fuel is being injected into the 
cylinder, whether the engine is fired or not. 
 
3.2.4 Engine Instrumentation 
As with all research engines, it is important to measure as many engine parameters as 
possible to obtain the most information about the running condition of the engine. The 
optical engine is no exception to this and so has been very well instrumented and a 
table of the monitored and measured data is given below. Some of the following 
monitored points are concerned purely with the maintenance of the engine, to ensure 
that nothing fundamental has gone wrong and values, outside of the prescribed values, 
such as those of oil pressure will cause the engine to go into an emergency shut down. 
Other values are there in the interest of purely monitoring the conditions under which 
the engine is running, such as ambient air temperature and pressure. There are then 
the parameters which are set to put the engine into the correct mode for the data 
collection required and these include parameters such as injection duration, spark 
timing and throttle setting. The final parameters are those which are required for 
subsequent data processing and form a fundamental part of the data collection 
process, such as in-cylinder pressure, inlet and exhaust runner pressures. As the 
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engine is controlled by an electric motor, which can absorb some load, and not a 
dynamometer, the load is controlled by monitoring the net mean effective pressure, 
NMEP, which is the indicated mean effective pressure, IMEP, minus the pumping 
mean effective pressure, PMEP. Therefore the engine load is set to a required NMEP 
by setting the throttle and the injection duration to achieve lambda 1, stoichiometric 
conditions, from the lambda sensor. The engine instrumentation is detailed below in 
table 3.3. 
Table 3.3: Engine instrumentation 
Parameter Use Method Location 
Oil filter pressure bar Monitor Pressure transducer Entry to oil filter 
Oil crank case pressure bar Monitor Pressure transducer Top of crank case 
Oil crank pressure Monitor Pressure transducer Entry to crank case 
Oil reservoir temperature °C Monitor Thermo-couple Oil reservoir 
Oil heater surface temperature °C Monitor Thermo-couple Oil heater 
Outer glass surface temperature Monitor Infrared sensor Outer liner wall 
Ambient pressure bar Data Pressure transducer Test cell 
Ambient temperature °C Data Thermo-couple Test cell 
Spark timing ° Crank-angle Set point AVL timing unit  
Injection timing °Crank-angle Set point AVL timing unit  
Injection duration ms Set point AVL timing unit  
Coil dwell time ms Set point AVL timing unit  
Throttle setting %of full range Set point Electronic throttle  
Air/fuel ratio λ Set point Lambda sensor Downstream of port 
In-cylinder pressure bar Data Pressure transducer In cylinder head 
Inlet manifold pressure bar Data Pressure transducer Upstream of port 0.02m 
Inlet manifold air temperature °C Data Thermo-couple Upstream of port 0.02m 
Exhaust manifold pressure bar Data Pressure transducer Downstream of port 0.02m 
Exhaust manifold temperature °C Data Thermo-couple Downstream of port 0.02m 
Air mass flow kgs-1 Data Thermo-couple Upstream of throttle 0.05m 
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3.3 LASER DOPPLER ANEMOMETRY 
Laser Doppler anemometry was the main diagnostic technique used in the work and 
will be briefly reported here. A full description of laser Doppler anemometry is given 
in the appendix. 
3.3.1 Introduction 
Frequency shift in radiation has been well know for many decades, the Doppler shift, 
and Laser Doppler Anemometry, LDA, is an application of this effect using the 
coherent light of a laser as a source of plane waves, with small particles in the flows 
acting as a source of scattering and a detector to measure the frequency shift. There 
are two main types of LDA system, the reference beam method where the scattered 
light is caused to beat with the original light frequency and the dual beam method 
where the beat frequency is developed at the sensor position where two laser beams 
cross. The first measurements were performed by Yeh and Cummins in 1964, using a 
reference beam method and looking at fully developed laminar water flow in a pipe. 
Since these early measurements there has been much development on optical systems 
and signal processors to enhance the capability of the systems and now off the shelf 
systems with pre-aligned optics are readily available. Laser Doppler Anemometry is a 
well established measurement technique and therefore the systems below will be 
briefly described with a detailed explanation on Laser Doppler anemometry being 
placed in the appendix for reference if required. 
 
3.3.2 The Laser Doppler Systems 
The LDA systems used for this work were all of the two beam or homodyne type, 
incorporating frequency shift to allow velocity direction to be determined. The 
scattered light was collected in direct back scatter easing the translation of the optical 
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probe to different measurement locations on both the steady flow rig and in the optical 
engine. The systems used are specified in tables 3.4 to 3.7 below. The four systems 
given in the tables are all very similar but had specific reasons for being chosen. The 
first system was based on a Coherent diode pumped solid state (DPSS) Neodymium 
Yttrium Aluminium Garnet (Nd:YAG) laser as its light source, and was utilised as 
these particular measurements, the steady flow study on head 1, were performed off 
site and the Nd:YAG laser was easier to move than an argon ion laser. The second 
system used on the steady state measurements for head 2, used an argon ion laser for 
the increase in laser power that could be obtained. These two studies utilised a 
frequency counter for processing of the scattered light signals. 
Table 3.4: LDA Parameters – system 1 
Parameter Value 
Wavelength 532 nm 
Beam separation 50 mm 
Beam diameter 5 mm 
Beam expansion 1 
Focal length 300 mm 
Crossing angle 9.53° 
Frequency to Velocity 3. 2 ms-1/MHz 
Length δz 489 µm 
Height δy 40.64 µm 
Width δx 40.78 µm 
Number of fringes 12 
Frequency Shift 10.0 MHz 
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Table 3.5: LDA Parameters – system 2 
Parameter Value 
Wavelength 514.5 nm 
Beam separation 50 mm 
Beam diameter 5 mm 
Beam expansion 1 
Focal length 300 mm 
Crossing angle 9.53° 
Frequency to Velocity 3. 1 ms-1/MHz 
Length δz 473µm 
Height δy 39.30µm 
Width δx 39.44µm 
Number of fringes 12 
Frequency Shift 10.0 MHz 
 
The third system also used an argon ion laser, but the frequency shift system now 
changed from a rotating grating which was used as both beam splitter and frequency 
shift unit in the first two systems, to a Bragg cell giving a 40 MHz frequency shift. 
This change was necessary as the frequency processor was now changed to a 
covariance processor, giving better data acquisition rates, which required this 40 MHz 
as a centre frequency. This is the system that was used in the study on engine 1. The 
final configuration used a fibre optic based transmission system as this made the 
transmission probe easier to move for translating the measuring point in the engine. 
Table 3.6: LDA Parameters – system 3 
Parameter Value 
Wavelength 514.5 nm 
Beam separation 50 mm 
Beam diameter 5 mm 
Beam expansion 1 
Focal length 300 mm 
Crossing angle 9.53° 
Frequency to Velocity 3. 1 ms-1/MHz 
Length δz 473µm 
Height δy 39.30µm 
Width δx 39.44µm 
Number of fringes 12 
Frequency Shift 40.0 MHz 
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Table 3.7: LDA Parameters – system 4 
Parameter Value 
Wavelength 514.5 nm 
Beam separation 60 mm 
Beam diameter 3 mm 
Beam expansion 1 
Focal length 310 mm 
Crossing angle 11.06° 
Frequency to Velocity 2.7 ms-1/MHz 
Length δz 702µm 
Height δy 67.69µm 
Width δx 68.01µm 
Number of fringes 12 
Frequency Shift 40.0 MHz 
 
Further details on how the calculated values in the tables were found and the 
functioning of the different frequency processors can be found in the appendix. 
 
3.3.3 Data Processing for LDA Measurements 
 
For measurements of turbulent flows, there will be a mean value of velocity and a 
fluctuating component due to the turbulence. Therefore any measurement can be split 
into two parts, Reynolds decomposition, Massey, 1989, so that the instantaneous 
velocity measured is equal to the mean velocity plus a fluctuating component, 3.33. 
 UUUi ′+=  3.33
 
 
Considering an air flow, this has to be seeding with small particles which can be 
detected by the LDA system. These particles must be small enough and light enough 
to faithfully follow the air flow, i.e. of low momentum and a small aerodynamic cross 
section, even in the case where there is substantial turbulence present in the flow. At 
the same time they must be large enough to scatter enough light from the 
measurement volume to be detectable by the photo-multipliers, i.e. they must have a 
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large scattering cross section. The scattering cross section of a small particle, which 
defines the intensity of light that will be scattered, is a function of not only its size, but 
also its refractive index, van de Hulst, 1981, and this helps as the more dense, solid 
seeding particles, have the highest refractive indices allowing smaller particle sizes to 
be used. A detailed description of particle flow fidelity can be found in Durst et al., 
1976, where the particle flow equation is given in terms of the forces on the particle 
and solutions of this equation show the particle size required, for different densities of 
seeding particle, to be determined to allow the seeding to follow the flow oscillation 
frequencies with a high degree of fidelity. For the oil droplet seeding used in this 
work, the results of this analysis show that a droplet size of 2.6 microns will follow 
oscillations up to 1 KHz, whereas a particle size of 0.8 microns will follow 
oscillations up to 10 KHz. The seeding generator used in this work was a Dantec 
10F02, Laskin nozzle type droplet generator, where the specified drop size range was 
given as between 1 to 3 microns mean diameter, Dantec, 2005. The seeding generator 
was tested with a PDA system to quantify the drop size. D10 mean diameters were 
found to be 0.5 microns at 1 bar air delivery pressure and 0.7 micron at 0.5 bar 
delivery air pressure. The output graph of drop size is shown in figure 3.13 below. 
From the information in Durst et al., 1976, these results would suggest that the drop 
size is small enough to for up to 10 KHz oscillations of the fluid flow, given that the 
generator was operated at 1 bar air pressure for the duration of the experiments in this 
work. 
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Figure 3.13: Drop size distribution measured by PDA for the Dantec 10F02 seeding 
generator at 0.5 and 1 bar air delivery pressure 
 
There are however, other conditions that have to be met, to allow accurate 
measurements to be performed. There is an integral time scale associated with 
turbulent flows which means that to obtain an accurate value for the mean velocity, 
the measurement must be made over a duration greatly exceeding this time scale. 
Often this time scale is not known, so one method of performing these measurements 
is to keep the data rate near constant and to perform the measurement several times, 
collecting a different number of samples each time. There should come a time when 
collecting more samples does not affect the mean value calculated from a number 
averaged mean. In fact if the mean value is the only item of interest, this method 
works well. However, again from the previous section, having calculated a mean 
value, the difference between each sample and the mean can be used to calculate a 
number-averaged standard deviation or RMS level. This RMS level gives a measure 
of the turbulence level in the flow, and if all three components of velocity are 
measured, the RMS levels can be used to calculate the turbulence kinetic energy of 
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the flow. This RMS level is far more sensitive to time scales than the mean value, so a 
better method of determining how many samples to collect is to perform several 
measurements at one point, with differing numbers of samples, but to wait until the 
RMS becomes constant, as this also ensures that the mean will have reached constant 
value. The reason for this increased sensitivity is that the squared difference value is 
used. 
 
So far the discussion has centred on the fluid dynamics aspects of the measurement, 
but the instrument response under different conditions must also be considered. Here 
there are several effects to be considered. The data rate is dependent on four settings, 
the laser power, the high voltage on the photo-multiplier, the gain of any amplifiers in 
the processor and the seeding level. These four settings have to be carefully matched 
to ensure noise free measurements and hence accurate and consistent results to be 
obtained. These four points will be dealt with separately and in the reverse order as 
given above, as they are given in order of ease of control whereas in terms of effect 
the reverse order is important. 
 
• Seeding Level: This should always be kept to the lowest acceptable level in terms 
of measurement time. Excessive seeding can lead to a significant change in the 
mass of fluid to be moved and hence change the character of the fluid motion. 
Also when windows surround the flow, excessive seeding leads to short 
measurement times before unacceptable levels of window fouling occurs. 
 
• Amplifier Gain: Amplifiers, by their very nature, amplify noise as well as the 
signal. This can lead to instruments performing measurements on noise as well as 
the signal. To avoid this the gain should always be as low as possible. It must be 
remembered that any amplifier comes before the burst detector. 
 
• Photo-multiplier Voltage: This is really a form of amplification so the same 
comments as above apply, although it should be stated that the photo-multiplier 
detects an optical signal and not the electronic signal. This is important as some 
noise is introduced in this conversion from an optical to an  electronic signal. 
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• Laser Power: The real problem with laser power comes when the measurement 
has to be made in the close proximity of a solid surface. When the measurement is 
free of this constraint then there is in principle no problem with using high laser 
powers, however, in the near solid surface region then the light scattered from the 
solid surface can lead to so called shift break through, where the system 
preferentially detects the signal from the solid surface which in general is much 
higher than that from the seeding. This means that the system measures the 
frequency shift value if the solid surface is stationary. 
 
The above points can be summarised simply, always used the lowest levels possible 
which still provide an acceptable measurement time. 
 
To conclude this section there is one final aspect to be considered. The LDA system is 
capable of providing extremely accurate velocity information from a flow field, but 
this information is useless unless the points at which the measurements are made are 
very clearly defined and known. The accurate positioning of the LDA measurement 
volume is not always a simple task and care must be taken to ensure that the 
measurement is performed at the point where the user assumes it is made. For 
confined flows the following advice is recommended as a method of defining the 
measurement position relative to one of the confining walls. It is very easy to tell 
when the measurement volume is on a solid surface, so use one of the solid surfaces, 
preferably marked with position lines, as a reference against which the measurement 
points will be defined. This technique then gives a datum surface for determining the 
proper positions in the flow at which to make the measurements. 
 
The last topic of data processing can now be considered, bearing in mind the previous 
arguments. Some aspects of data processing were mentioned briefly in the last section 
in terms of mean and RMS values. Here the calculations involved in generating these 
values will be studied, as well as some comments on bias effects that can occur due to 
the data collection, and how these effects can be overcome. 
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The principle quantities calculated from the individual samples are the statistical 
moments, up to the first four, where the first moment in the mean, the second is the 
standard deviation or RMS, the third is the skewness and the fourth is the kurtosis. 
Only the first two moments are used in this work.. The mean is the mean value for the 
distribution, figure 3.14. The standard deviation gives a measure of the width of the 
distribution. The equations for these calculations are given in 3.34 and 3.35. 
 
 
 
Figure 3.14: Normal Gaussian Distribution 
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In the LDA measurement technique there may bea velocity bias, that becomes 
apparent when calculating these statistical moments. The bias is due to the nature of 
the data collection, Buchhave, 1979, and, assuming homogeneous seeding, is due to 
the LDA system detecting more particles the higher the local temporal velocity. There 
are several methods that have been developed to overcome this bias, and the one used 
here is to take account of the transit time, Buchhave, 1979, of the particle across the 
measurement volume. The faster the particle is moving, the lower its transit time, and 
this can be used to offset the natural velocity bias due to the measurement technique. 
This is achieved in practice, by using a slightly different formulation for calculating 
the statistical moments of the flow. The instantaneous velocity is now multiplied by 
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the transit time and the sum of this product is divided by the sum of transit times 
instead of the number of samples. The calculation for the mean velocity is given in 
3.36, again from Buchhave, 1979. 
 
Weighted Mean Velocity ∑
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=
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i
n
1i
ii
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U  3.36
 
There are many additional forms of data processing that can be applied to steady state 
LDA measurements, some of which require more than one component of velocity to 
have been measured simultaneously. These methods used in this work are given in 
3.37 and 3.38. 
Mean Kinetic Energy ( )222 WVU
2
1E ++=  3.37
Turbulence Kinetic Energy ( )222 WVU
2
1k ′+′+′=  3.38
 
3.3.4 Extra Considerations for In-Cylinder Measurements 
 
There are two principle points to be considered when performing in-cylinder 
measurements rather than steady state measurements, the first is that the mean flow is 
now time dependent and the second that it is also quasi-cyclic in nature, i.e. it will 
display a periodic profile from one engine cycle to the next. Of primary concern with 
these measurements is to capture faithfully the time dependent mean and RMS 
velocity profiles. As it is very difficult to capture enough samples in one engine cycle 
to obtain a reliable mean velocity profile, yet alone a reliable RMS velocity profile, in 
general the data will have to be collected over many engine cycles and then ensemble 
averaged to provide the required data. As the time dependent profile is required and 
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not just one mean value for the whole cycle, this implies that many more samples 
need to be collected during the whole cycle to ensure that reliable statistical values are 
obtained and that any effect of cycle to cycle variation is averaged out. It should also 
be noted that the total number of samples collected has to reflect the number of 
samples collected at the point in time where the local temporal data rate is at its 
lowest. It is easy to understand why the data rate should vary during the engine cycle. 
If a homogeneous mixture of air and seeding is input to the cylinder when the inlet 
valve is open, this gives a certain seeding density at bottom dead centre when the inlet 
valve closes (approximately) and no more seeding can enter the cylinder. During the 
compression stage the volume of air decreases but the amount of seeding remains the 
same and so the seeding density increases, reaching a maximum at top dead centre. 
Therefore the local data rate can be expected to be much lower at bottom dead centre 
than at top dead centre and the total number of samples collected has to reflect this 
difference in data rates throughout the cycle. Additional requirements during the data 
collection stage now mean that timing information is essential and that some form of 
instrument gating may be required. 
3.3.5 Timing Electronics 
 
As was mentioned at the beginning of the last section, for these types of 
measurements, timing information is essential. Although for some aspects of the more 
advanced data processing from steady state measurements, timing information is also 
required, i.e. for auto-correlation or power spectral analyses, in these measurements 
the timing information is required for all aspects of the data analysis. For in-cylinder 
engine work, the timing device has to supply two forms of data. The first is one pulse 
per full cycle which can be directly related to the engine timing, i.e. a pulse at TDC 
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valve overlap, commonly known as a reset pulse. The second is a pulse train which 
can be counted, which is reset when the reset pulse occurs, and which gives detailed 
timing information for the complete engine cycle. The reset pulse must by necessity 
be directly coupled to the engine and comes, for example, from an encoder fixed to 
the cam shaft. The train of pulses can also come from this encoder, which is the 
preferred method as this allows for any variation in engine speed during the cycle, but 
can also be generated electronically, usually at a much higher frequency and therefore 
better resolution, than those from an encoder. The higher frequency from 
electronically generated pulse trains is usually of no interest in these types of 
measurements as the data will later be ensemble averaged into time windows which 
are significantly greater than the resolution of encoders. 
 
What this means in terms of data collection is that now not only the velocity has to be 
recorded, but simultaneously the time in the engine cycle at which this velocity 
occurred. There are normally two methods in which this is achieved, firstly the 
frequency processor has an additional input to accept the reset pulse and the pulse 
train, and passes all the data to the computer interface. Alternatively, the processor 
simply sends the velocity information to the interface and at the same time the 
interface receives the timing information from a separate source, Figure 5.8. The 
method used is irrelevant provided there is a one to one correspondence between the 
velocity and timing information. 
 
The one to one correspondence comes from the pulse train, which locates the velocity 
data within the cycle. However, for this information to be of use and to uniquely 
locate the data, the time of the reset pulse must be accurately known. It is common 
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practice to set the reset pulse to top dead centre (TDC) of the engine. With a four 
stroke engine, which TDC is chosen is really a matter of personal preference, but this 
position should be carefully recorded. This positioning of the reset pulse is also 
something which should be regularly checked, as unless the coupling to the engine is 
one that guarantees no slip, it is possible for the engine and encoder to become out of 
phase and so result in false timing information being stored with the velocity. 
 
 
 
Figure 5.8: Method of Recording Velocity and Timing Data 
 
It is obvious from the above description of the time dependent nature of the flow that 
the data processing will have to be more complex than that for steady state 
measurements. Here additional processing is required to take account of the timing 
information, but there are also limitations on the velocity bias corrections and indeed 
additional biasing that have to be considered. These points will all be dealt with here. 
With regard to the velocity biasing, it is important to ascertain whether this correction 
is needed when studying a time varying flow. In general practice it is normal to apply 
this biasing for in-cylinder air flows but not for example droplet flows from sprays 
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where it can be assumed there will be no bias due to the nature of the flow. The 
additional bias to be considered comes from the method adopted to process the data 
from these flows, by binning the data into small crank-angle steps and taking the 
mean and RMS from all data in each time bin, and indeed over all cycles. If the crank-
angle step chosen is too large then there the chance of getting a bias from crank-angle 
broadening, where the calculated mean velocity has been unduly affected by the 
velocity changes occurring with the time step. The remedy for this type of error is to 
use the smallest time step that the data will allow in terms of both the changes in the 
flow over time and also the number of samples collected in the lowest time step. 
 
As can be gathered from the above, the method adopted to process cyclic data is to 
split the cycle into small time steps or bins and to perform the statistical analysis on 
the data independently in each time step. As it is infrequent that enough data can be 
collected within one cycle to generate statistically meaningful data in each small time 
step, the data is ensemble averaged over all cycles i.e. the statistics are performed for 
all the data in each time step for all cycles. The basic principles of the statistics are 
exactly the same as those given above and so will not be repeated here. 
 
3.4 PARTICLE IMAGE VELOCIMETRY 
A few measurements have been performed using Particle Image Velocimetry (PIV) 
and so a brief description of this technique is given here. 
 
3.4.1 Introduction 
PIV is in many ways a complimentary technique to LDA. It differs from LDA in two 
fundamental areas in that LDA is a point measurement system whereas PIV is a whole 
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field technique, and with LDA the distance between the fringes in known and the time 
measured to yield velocity, but with PIV the time is known and the distance is 
measured to give the velocity. Both techniques use the equation of velocity equals 
distance over time. The complimentary nature of the two techniques arise from the 
first difference between them, stated above. That is, LDA measures the flow at a point 
with time, giving the temporal distribution of the velocity field, whereas PIV 
measures a planar field at an instance in time giving the spatial distribution of the flow 
field. Being a laser based technique, for the application here, the advantages and 
disadvantages are very similar to those for LDA, the main difference being that PIV 
needs calibrating for its spatial dimensions. 
 
PIV arose from laser speckle velocimetry where high seeding densities in a low 
Reynolds number flow could be used to generate fringes which could be used to 
measure the fluid velocity. It was recognised by Pickering and Halliwell, 1984, that 
individual particle images could be seen and that the double exposure would allow 
velocity to be determined from these individual realisations. It was also noticed at 
about the same time by Adrian, 1984, and the technique of PIV developed from these 
two papers from the recognition that lower seeding levels could be used allowing 
higher turbulent flows to be measured. A very good summary of the development of 
the technique over the next twenty years can be found in Adrian, 2005. 
 
3.4.2 Particle Image Velocimetry 
The principle of PIV is straight forward, Lading et al., 1993, in that a light sheet is 
formed in the plane of interest, and an image of the seeded flow is captured on a 
camera. In fact, two images are captured, at a fixed time interval, and the 
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displacement of the seeding particles is measured between the two images. A very 
basic schematic of a PIV set up is shown in figure 3.15, where the laser is passed 
through a cylindrical lens to form the light sheet in the plane of interest. 
 
Figure 3.15: Schematic of a PIV system 
The two images are then captured with a camera looking at ninety degrees onto the 
light sheet, with a small, known, time difference between the images. To process the 
collected images, the full image is split into small interrogation areas, figure 3.16, 
with one velocity vector calculated per interrogation area. As shown in figure 3.16, it 
is usual to have some overlap of the interrogation areas when processing the data, to 
capture as many image pairs of particles as possible. The size of the areas used will be 
dependent on the flow field, where the smaller the area, the greater the number of 
vectors and so the higher the spatial resolution, but there must be a significant number 
of particle pairs within each area, and this is velocity and seeding density dependent. 
Typically, the areas used in practice are between 32 by 32 pixels up to 128 by 128 
pixels. The time between the two images may also need to be optimised during the 
course of an experiment, to ensure that the particle pairs are contained in the same 
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interrogation area, i.e. the faster the flow, the shorter the time between the images 
needs to be. Most flows are three dimensional in their nature, and with PIV it is only 
the two component velocity that is being measured, in a thin light sheet. If the third 
component of velocity is high, then the thickness of the light sheet may have to be 
increased to capture the particle pairs, to prevent the particle leaving the light sheet 
before the second image is captured. 
Figure 3.16: Interrogation areas in PIV 
There is a fundamental difference in the image capture mode, depending on the 
subsequent processing to be applied. If the two images are captured onto a single 
frame as shown in figure 3.17, a spatial auto-correlation is then applied to determine 
the distance between the particles, with the image pairs generating two main peaks, 
both giving the same distance but with the position vector in opposite directions. All 
earlier PIV systems processed data in this manner, but this required either a fore 
knowledge of the flow, or some kind of image shifting to determine the correct 
direction of the position vector. Most modern systems collect two separate images, 
figure 3.18, with a spatial cross correlation being applied between the images. This 
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again produces two peaks, but the peak in the correct direction of the position vector 
is greatly enhanced, while that in the opposite direction is diminished, giving a unique 
direction to the distance measured. 
Figure 3.17: Two images for auto-correlation 
Figure 3.18: Two images for cross correlation 
The equations for the auto-correlation, the cross correlation and a two dimensional 
cross correlation, Brigham, 1988, are shown in their simplest form in equations 3.39, 
3.40 and 3.41. 
Auto-correlation ( ) ( )∫ += dxxhxhR ∆ttt  3.39
Cross correlation ( ) ( )∫= dxxgxhR  3.40
2D cross correlation 
( ) ( ) ( ) ( )∫∫= dxdyygxgyhxhR
 
3.41
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Where: the function h represents the positions of particles in a single image and the 
function g represents the particle positions in the second image required for cross 
correlation. 
A very simple schematic of the results of the above two dimensional cross correlation, 
showing the measured quantities is shown in figure 3.19. 
Figure 3.19: Processed output from correlation 
Several techniques have been developed and adopted to aid with the accuracy that can 
be obtained from the PIV technique. The first enhancement is applicable to digital 
PIV, where digital cameras are used to collect the images, rather than the wet film 
which was used in the early days of the technique. This has to do with the resolution 
of the pixels in the camera, the area being imaged and the scattering cross section of 
the seeding particles. If the scattering cross section is smaller than the corresponding 
pixel dimension, this leads to peak locking, where the processing software can only 
allocate the position of the particle to the centre of the pixel. However, if the 
scattering cross section is larger than one pixel, then an interpolation routine can be 
applied to give a more accurate location of the particle and leading to sub-pixel 
resolution of the measurements. From the experimental point of view, this determines 
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the maximum image area that can be viewed for a particular particle size, resulting in 
some instances of several measurements being required to obtain a full plane image. 
 
Additional techniques applied in the processing stage include background removal 
from the image and also several types of planar filtering to enhance the quality of the 
image before the cross correlation is applied. These filters are more necessary when 
measuring in enclosed spaces where flare from surrounding walls can greatly affect 
the image, as in the case of measurements in an engine cylinder. 
 
Having given details of the techniques to be used, the next chapter looks at some of 
the analysis that is required to characterise the flow into an engine through poppet 
valves. 
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Chapter 4: PRELIMINARY ANALYSIS 
 
4.1 INTRODUCTION 
The airflow into an engine cylinder is ultimately limited by restrictions to the flow 
through the inlet valves and the port geometry. Although different types of valve 
exist, this analysis will only consider the poppet valve, figure 4.1, which is by far the 
most common type of valve in automotive internal combustion engines. The object of 
this section is to calculate the flow through the inlet valve as a function of the valve 
lift, port throat diameter, pressure drop and engine speed. The section is split into 
three parts, the first looking at the calculation of the available flow area, the second 
looking at steady state analysis with fixed pressure drops and finally a dynamic 
analysis based on piston displacement as the generator of pressure drop. For the 
analysis of the available flow area, the calculations will be performed for one head 
geometry, highlighting the differences between the approaches to calculating the 
geometric flow area. For the remaining two sections, the analysis will be performed 
for the geometry of the two heads to be studied in this work. While this analysis is 
fairly simple in its application, it serves to provide a calculated value of mass flow 
rate to allow discharge coefficients for the different geometric arrangements to be 
found. 
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Figure 4.1: Poppet valve geometry 
4.2 GEOMETRY 
Different researchers have adopted different methods to calculate the available flow 
area through the valve gap. Three different methods will be investigated, the first is 
based on the valve head diameter and lift only, as used by Annand and Roe, 1974 and 
Vafidis and Whitelaw, 1986. The equation used is:- 
 LπDA vG =  4.1
The area calculated from this equation is a linear function with valve lift, and is 
defined as the curtain area of the valve, figure 4.2. 
 
Figure 4.2: Dimensions for curtain area calculation 
Chapter 4                                                  Preliminary Analysis 
___________________________________________________ 
 
90 
The second method is based on the valve lift and a characteristic diameter dependent 
on lift, Sandford, 1993. The area is calculated by taking the distance between the 
valve seat and the valve, perpendicular to the valve seat, and multiplying by the 
characteristic circumference which is the port diameter plus two times half the 
horizontal distance between the valve seat and the valve, figure 4.3. 
 
 
Figure 4.3: Dimensions for characteristic diameter calculation 
 ( )[ ]LsinφsinφDπLcosφA pG += 4.2
The final method considers the valve geometry in more detail, and splits the 
calculation of area into three separate regions, dependent on valve lift, Kastner et Al, 
1963 and Heywood, 1988. At low valve lifts, where the valve seat and the equivalent 
area on the valve are still in the same horizontal plane, then the valve area is the 
frustrum of a right circular cone. The conical face is perpendicular to the valve seat 
for this part of the calculation. For larger lifts, the area is still the frustrum of a cone, 
but now the angle of the cone changes with lift as the valve moves away from the 
head. The final region occurs when the valve area becomes greater than the area 
generated by the port diameter minus the valve stem diameter, at which point it is this 
port/valve stem area that is used to define the flow area. Therefore, to decide on which 
region is to be used in the calculation, there are two corresponding test criteria based 
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on valve lift, and these are described below, along with the calculations of valve area. 
The main dimensions for this analysis are shown in figure 4.4. 
 
 
Figure 4.4a 
Dimensions for low valve lift where the 
top of the valve seat on the valve is still 
above the bottom of the valve seat on the 
head. 
 
Figure 4.4b. 
Dimensions for intermediate valve lift, 
where the flow area is still less than that 
for the port area minus the valve stem 
area. 
 
Figure 4.4c. 
Dimensions for high valve lift, where the 
flow area is limited by the port area 
minus the valve stem area. 
 
Figure 4.4: Dimensions for multi-lift calculations 
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The first condition, low valve lift, is decided on whether the top of the valve seat area 
on the valve is still above the corresponding area on the head, and can be determined 
by :- 
 
0L
cosφsinφ
w >>⋅  4.3
The second part of this condition is the obvious one that the valve must be open to 
have any flow. The equation of the flow area then comes from the equation for the 
area of a frustrum of a cone :- 
 ( )rRπLA +=  4.4
where L is the length of the slant side of the cone, and R and r represent the radii at 
the top and bottom of the section. This gives a flow area of :- 
 ⎟⎠
⎞⎜⎝
⎛ +−= sin2φ
2
L2wDπLcosφA vG
 
4.5
When the valve lift is greater than the condition specified in 3, then the calculation of 
valve area changes to :- 
 ( )[ ]2122mG wwtanφLπDA +−=
 
4.6
This area calculation is used until the valve lift is such that the valve area is greater 
than that of the port area minus the valve stem area. The test for this condition of 
valve lift is given by :- 
 
cosφsinφ
wLwsinφw
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2
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4.7
The flow area for the port minus the valve stem can then be simply calculated from :- 
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 ( )22G DsDp4πA −=  4.8
The above equations can now be used to calculate valve flow areas for the specific 
engine geometry being used for this work. Although the first two methods for 
calculating valve area do not specify a condition of limiting the flow area to the port 
area minus the valve stem area as a maximum area, this condition has been applied for 
all three cases in this study, as physically it seems the logical approach to take. The 
geometry to be used for these calculations is based on two separate configurations of 
the Lotus single cylinder optical engine, where the measurements are to be made. The 
first version of the engine has a bore and stroke and head geometry based on the Opel 
family one, 1.8 litre engine, which is a four valve per cylinder, four cylinder engine. 
The values used in the calculation are given in table 4.1 below under the heading for 
head one. 
Table 4.1. Main geometric parameters for the two heads 
Parameter Head one Head two 
Bore B 80.5 mm 88 mm 
Stroke S 88.2 mm 82.1 mm 
Conrod length L 188.5 mm 141 mm 
Valve diameter Dv 31.2 mm 35.0 mm 
Seat width (parallel to valve head) w 1.414 mm 1.1 mm 
Port diameter Dp 27.5 mm 31.1 mm 
Valve stem diameter Ds 5 mm 7 mm 
Valve seat angle φ 45 degrees 45 degrees 
Mean seat diameter Dm = (Dv-w) 29.786 mm 33.9 mm 
Valve lift l 0 to 10 mm 0 to 10 mm 
Gamma for air γ 1.4 1.4 
Gas constant for air Rair 287.1 Jkg-1K 287.1 Jkg-1K 
 
The following graph, figure 4.5, shows the calculated valve flow areas for the three 
different methods, allowing for two inlet valves in the cylinder, with all three having 
the same maximum calculated area as explained above. 
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Figure 4.5: Geometric valve areas 
The graph in figure 4.5 shows significant differences in the calculated flow areas. 
These differences are not important provided the same reference geometry is used in 
each instance. When this data is used in conjunction with calculated and measured 
mass flows to determine a discharge coefficient for simulation or CFD software, then 
it is of course important that the software uses the same definition for the reference 
geometry. However, care must be taken when comparing discharge coefficients 
between different heads, and more so between different manufacturers, to ensure that 
the same reference geometry has been used. With this proviso in mind, the rest of this 
section and subsequent work will use the calculations of Kastner et al., 1963 as a good 
representation of the true physical geometry and conditions of the flow through the 
valve gap. As is pointed out in Annand and Roe, 1974, the flow will also be affected 
by separation of the inlet jet from the valve seat and the valve head, but at this stage 
no allowance has been made for this as it is accounted for by the discharge 
coefficient. 
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4.3 STEADY STATE ANALYSIS 
This part of the analysis is performed at fixed pressure drops across the valve for a 
range of pressure drops from 200mm of water to 650mm of water, and includes the 
values used by AVL, Ricardo and Lotus for their steady flow measurements. AVL 
uses 250mm of water, Ricardo uses 10 inches of water (250mm will be assumed as 
being close enough) and Lotus uses 25 inches of water (635mm). The pressure drops 
used by AVL and Ricardo are much lower as originally they concentrated on Diesel 
engines, which were running at lower engine speeds. The significance of this can be 
seen in the next part where a dynamic analysis versus engine speed is performed. The 
mass flow rate is calculated versus valve lift, in steps of 0.1mm from 0.1mm to 
10mm. The first results for each head are based on input parameters used as an ISO 
standard, where atmospheric pressure is assumed to be 99000 Pa and the temperature 
is assumed to be 25 C. The second set of results will be based on the actual measured 
atmospheric pressure and temperature at the time steady state measurements were 
performed. 
4.3.1 Analysis 
Two different analyses are performed here, the first assuming non-compressible flow 
and using the result of applying Bernoulli’s equation, 4.9, to calculate a velocity from 
the pressure drop. This velocity is then used in conjunction with the geometric flow 
area, from the previous section, to determine a volume flow rate, 4.10, which is then 
multiplied by the density of air to arrive at the mass flow rate, 4.11. The density is 
calculated directly from the ambient pressure and temperature and the gas constant for 
air, 4.12. 
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Bernoulli’s equation: 
density
pressure2V ×=  4.9
 VAVolflow G=  4.10
 densityVolflowMassflow ×=
 
4.11
 
eTemperaturRair
ssureambientpredensity ×=  4.12
The second analysis uses the equation for a compressible flow with pressure drop, and 
so represents a more accurate calculation when having a gas as the working fluid. This 
equation calculates the mass flow rate directly and uses the same geometric flow area 
as above. 
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4.13
4.3.2 Results for head one 
A comparison of the two methods is shown in figure 4.6, for 250mm and 635mm of 
water pressure drop, i.e. the pressure drops used by AVL and Lotus. This shows the 
comparison between the mass flow calculated from Bernoulli’s equation, so assuming 
an incompressible flow, and that using the equation for a compressible gas flow. As 
would be expected, the mass flow for the incompressible case is greater than for the 
compressible case, with the difference between the two increasing with increasing 
pressure drop. At maximum flow rates the difference for 250 mm of water pressure 
drop is 1.34% and that for 635mm of water pressure drop is 3.43%. These differences 
can be explained in terms of the Mach number, the velocity of the flow divided by the 
velocity of sound under these conditions, 4.14 and 4.15. 
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Figure 4.6: Comparison of Bernoulli and compressible gas 
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×=  4.14
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The velocity of air is the velocity determined from Bernoulli’s equation and the 
pressure drop across the valve, whereas the velocity of sound has been calculated for 
the ambient conditions. The results of this can be seen in figure 4.7, with the increase 
in velocity with pressure drop leading to the increase in Mach number. The higher the 
Mach number, the more choked the flow becomes through the valve gap, giving the 
increased differences between the incompressible and compressible flow. The values 
of the Mach number at the conditions shown in figure 4.6 are, 0.19 for a pressure drop 
of 250mm of water and 0.3 for a pressure drop of 635mm of water. It is clear 
Chapter 4                                                  Preliminary Analysis 
___________________________________________________ 
 
98 
however, that these conditions start to approach conditions under which the flow is 
compressible. 
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Figure 4.7: Velocity through the valve gap and Mach numbers for ISO conditions 
 
All further calculations will be performed using the equation for compressible flow, 
including the comparisons with experimental data, and the subsequent calculations for 
the discharge coefficient. The calculations were therefore carried out using the values 
of the ambient conditions when the first experimental data were collected on the 
steady flow rig. Here the ambient pressure was 101000 Pa and the ambient 
temperature was 21 C. The results and a comparison of this data to that for the ISO 
conditions is shown in figure 4.8. 
 
This data is that which will be used for a direct comparison to the measured mass flow 
rates. The plots in figure 4.8 highlight the difference in mass flow rates based on the 
different ambient conditions. The mass flow rate is higher for the experimental 
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ambient conditions, due to the higher pressure and lower temperature both leading to 
a higher density value for the air, and therefore an increase in the mass flow rate for 
the same flow area, or volume flow rate. 
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Figure 4.8: Comparison of ISO and experimental conditions 
4.3.3 Results for head two 
The analysis for the second head follows that for the first, but taking into account the 
statements made previously about using only the equation for compressible flow. The 
data for this head under ISO conditions and the measured ambient conditions, an 
atmospheric pressure of 10090 Pa and a temperature of 18 C are shown in figure 4.9. 
For the first experimental work on this head, which was the bulk flow measurements 
on the steady flow rig, , the plots for these conditions are shown in figure 4.13. 
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Comparison between ISO and Experimental Conditions for Head 2
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Figure 4.9: Comparison between ISO and experimental conditions 
For completeness, the Mach numbers for the flows in head 2 have also been 
calculated and are shown in figure 4.10, but again the Mach numbers are all below 
0.33. 
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Figure 4.10: Velocity and Mach numbers for experimental conditions 
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The basis of this chapter has been to calculate a theoretical mass flow rate into the 
engine cylinder under steady state conditions. The values found here are subsequently 
used with the measured values in the following chapter to calculate discharge and 
flow coefficients for the two heads. The next chapter describes and presents the data 
from the measurements on the steady flow rig for the two engine geometries. 
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Chapter 5: RESULTS – STEADY STATE 
5 RESULTS – STEADY STATE 
Measurements under steady flow conditions have been performed on both cylinder 
heads for two pressure drops, 635mm water gauge (25” Lotus standard pressure drop) 
and 250mm water gauge (AVL standard pressure drop). The measurements were all 
performed on a Superflow SF 600 flow rig where conventional measurements of mass 
flow, measurements of tumble flow using the ‘T’ junction approach and LDA 
measurements were performed. Additionally, for the second head some PIV 
measurements were made. 
 
Adopting the AVL method of processing the conventional measurement data, the 
usual parameters of discharge and flow coefficients were calculated, using equations, 
2.1 and 2.3 , Thien, 1965, and thereby quantifying the heads according to normal 
industry practices. Mass flow rates were also calculated by integrating the LDA data 
to give a comparison to the values measured by the integral method of the flow rig. 
The LDA data were also used to calculate a tumble ratio for the heads using equation 
2.10, Lumley, 1999. 
 
The LDA results were utilised to study the flow patterns developed in the cylinder, 
albeit for only one component of velocity, the axial component. This still allows as 
estimate of the flow behaviour to be made from these results, and it is this flow 
behaviour which will be used to compare to the transient flows developed in a running 
engine. The comparison between the flow measured by the LDA system and the flow 
measured by the PIV system, where two components of velocity were available in a 
plane, will be discussed in chapter 8. 
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5.1 MEASUREMENT STRATEGIES 
The basic strategies for these measurements have been given in some detail in chapter 
3 and so only a brief description will be given here with some additional comments 
and details relevant to these particular measurements. 
 
Six sets of data were collected on the steady flow rig consisting of the measurement of 
the mass flow rates for two pressure drops, a comparison of the mass flow rates 
through the individual valves at one pressure drop, and finally measurements for the 
tumble ratio. The first two data sets can be compared directly with the calculated mass 
flow rates and used to give a value for the discharge coefficient for the head, and also 
compared with the LDA measurements. The second two data sets are purely to check 
for the consistency of the flow from the two valves independently, and may have an 
influence on the flow fields measured by the LDA. The final data sets can be 
compared to the LDA measurements for the steady state conditions, and also 
compared directly to in-cylinder measurements in a motored engine. 
 
The set up for the standard mass flow measurements is shown schematically in figure 
3.2. Micrometers were used to set the valve lift, and measurements were made for ten 
valve lifts in one millimetre steps. A hemispherical cross section of plasticene was 
placed around the inlet port, to give a smoother flow of the air into the port. The 
measurements were performed for two pressure drops, 250mm and 635mm of water, 
corresponding to the standard measurements made by AVL and Lotus. 
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The ambient conditions of temperature and atmospheric pressure were recorded for 
these measurements and these conditions are used to calculate the density of the air, as 
the flow rig gives an answer as a volume flow rate and not mass flow rate, 5.1. 
 
TR
P
air
a
×=ρ  5.1
Where Rair is equal to 287.1Jkg-1K. 
 
The basic arrangement for the tumble flow measurements is shown in figure 3.6, 
where the rotation of the flow is measured by two swirl vanes in pipes at right angles 
to the cylinder. The bottom of the pipe acts as a dummy piston crown in an attempt to 
generate the same tumble flow as would be expected in an engine. The problem with 
this arrangement is that the piston position is static and the same for all valve lifts. 
The data are recorded as maximum and minimum rotational speed in revolutions per 
minute for both swirl vanes over a number of measurements for valve lifts from 1mm 
to 10mm in 1mm steps. 
 
The tumble ratio for an engine is defined as the angular velocity of the air divided by 
the angular velocity of the engine, 5.2, Lumley, 1999. 
Tumble Ratio 
engine
air
πω2
ω
Tr =  5.2
In chapter 2, the mean air flow velocity in the cylinder was equated to the mean piston 
speed in the engine and this value will be used to give a reference engine speed for the 
tumble ratio calculations and will serve as an approximation for the engine angular 
velocity. 
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The LDA measurements were made in a plane that was half bore below the flame face 
of the heads for the two engine geometries, i.e. 40.25mm and 44mm respectively for 
heads 1 and 2. These measurements were made for a subset of those performed in the 
more conventional manner, due to the time required for the experiments and details of 
the precise conditions are given in the respective sections. One thousand samples were 
collected at each point, and these were then statistically processed to provide a mean 
velocity at each point, this velocity being live time weighted. However, some general 
points will be given here showing the method behind the selection of points. For one 
pressure drop and one valve lift a high density of points, 24 equi-spaced radii every 15 
degrees around the circumference, was measured to allow a calculation of the mass 
flow rate to be determined. This served as an indicator of how well the integration of a 
point measurement system could be used to gain insight into an integral measurement. 
The data were measured on radial scans with ten points per scan, and the first 
measurement was always performed closest to the cylinder wall as this was the 
position most likely to be affected by fouling of the window and so generating optical 
noise on to the signal. A measurement in the centre of the cylinder was only 
performed once as a special case for each condition and so did not form part of the 
radial scans. 
 
The radii in the tumble and the cross tumble plane, see figure 5.1 were measured 
under several conditions, and these are the planes which will be used for comparisons 
with the transient data collected from the motored engine. It was shown by Xu, 2001, 
that these measurement planes can play a large part in the combustion characteristics 
of the engine. A schematic of the measurements positions in shown in figure 5.1. 
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Figure 5.1: LDA measurement positions relative to head geometry 
 
The analysis of the bulk flow properties will look at the mass flow rate and tumble 
values for the two valve lifts. It can be seen from the green position markers in figure 
5.1, that the measurements positions along a radii have non linear spacing, and this 
was an attempt to improve the calculation of the mass flow rates from the LDA data, 
as detailed below. This will, of course, mean a coarse mesh for the calculations and 
serves to highlight the problem of trying to measure properties such as mass flow rate 
with a point measurement system. However, on the positive side for this type of 
measurement, it is expected that the value calculated for the tumble ratio will be more 
representative than that calculated from bulk flow measurements due to it being a 
direct measurement of the flow velocities in the cylinder.  
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For the purpose of the mass flow rate calculations, each measurement point will be 
considered as being central to the sector it is in, and representative of the flow in that 
sector, figure 5.2. 
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Figure 5.2: Schematic of scheme for mass flow rate calculations from LDA data 
 
The areas for the calculations of mass flow rate are found as areas of concentric rings, 
where the edges of the rings lie at the centre between adjacent measurement points. 
These areas are then divided by the number of measurement points, n, around these 
rings, 5.3. 
Area for bulk flow 
calculations n
πrπRA
22 −=  5.3
 
Each velocity measurement is multiplied by the appropriate sector area, and the 
results are summed to give the volume flow in metres cubed per second. This volume 
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flow is then multiplied by the air density to give a mass flow rate, figure 5.2. This 
simple method of calculating a mass flow rate makes the assumption that any wall 
effects, boundary layers, are negligible, and the next two modifications of the 
calculation look at the effects on the mass flow rate when these wall effects are taken 
into consideration. The first criterion that needs to be established is an estimate of the 
boundary layer thickness under the given flow conditions. The Reynolds number, 5.4, 
is used to determine whether there is a laminar or turbulent boundary layer present 
and this in turn can be estimated from the flow velocities observed close to the wall in 
the cylinder, noting that at the distance downstream from the head where the LDA 
measurements are performed, it is not expected to be a fully developed flow, Douglas 
et al., 1979. 
Reynolds Number 
µ
Dρ
Re u0=  5.4
The characteristic size dimension, D, is taken to be the cylinder bore, the density, ρ, is 
taken to be 1.19 and the dynamic viscosity, µ, is taken to be 10-5. The value of the 
velocity, U0, is taken to be 20 ms-1, based on the magnitudes of the velocities 
measured close to the wall in the cylinder. This gives an approximate value for the 
Reynolds number of 200,000 which puts the boundary layer in the turbulent regime. 
This value of the Reynolds number then allows an estimate of the boundary layer 
thickness to be calculated from 5.5, Douglas et al., 1979. 
 
Boundary Layer 
Thickness Re5
1
x0.37δ =  5.5
 
The distance x has been taken to be 40mm, which is the approximate distance 
downstream in the cylinder from the cylinder head where the LDA measurements are 
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made. This gives a thickness of just over 1mm, and as the closest measurements to the 
wall are at 1mm and the value for the Reynolds number will be larger at some points 
around the cylinder periphery, giving a lower value for δ, then 1mm has been chosen 
to represent the boundary layer thickness. Having established an estimate for the 
boundary layer thickness, the flow profile across the boundary layer can be calculated. 
The simplest formula from Prandtl, Massey, 1976, has been selected for this estimate, 
5.6. 
 n
0 δ
yUU ⎟⎠
⎞⎜⎝
⎛=  5.6
In this formula, n is taken to be 
7
1  for moderate Reynolds numbers, Massey, 1976, U0 
is the velocity of the measurement closest to the wall, δ is the boundary layer 
thickness and y is the distance from the wall. 
 
The first modification to the method described above was to use the function in 5.6 
for the volume to 1mm in from the wall and then to use the same method as before to 
calculate the volumes in the rest of the cylinder. The volume from the boundary layer 
is calculated as a volume of revolution about the cylinder axis. The second 
modification was to use the same boundary layer calculation and then volume of 
revolutions for the rest of the cylinder with a straight line drawn between 
measurements points. A cross section through the volume, of these two modifications 
is shown in figure 5.3, for these two modifications to the first method. For the 
purposes of figures and tables the methods used will be identified with method 1, 
method 2 and method 3. 
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Method 3 
 
Figure 5.3: Cross section of the velocity profiles used in the volume calculations for 
mass flow rates from the LDA data 
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One of the main reasons for employing LDA to make steady state measurements 
arises from the difficulty of obtaining an accurate measure of tumble ratio from 
conventional rigs. Although the swirl component can be measured relatively simply 
and accurately, as was described in chapter 3, to measure the tumble component on a 
conventional rig requires the flow to move through 90 degrees and so incurring a loss 
of flow velocity before the measurement can be made, Xu, 2001. Laser techniques 
allow the flow to be measured directly and in the correct orientation, giving the 
potential for a more accurate estimate of the tumble ratio. 
 
To calculate the tumble ratio from the LDA measurements, the symmetry diameter 
between the two inlet valves will be used. As was shown in chapter 2, to obtain a 
value for the tumble ratio, the angular velocity of the flow as measured by an LDA 
system must first be found. Two major methods for calculating the angular velocity 
are in common usage, a simple method based on average angular velocity, Glanz, 
2000, and one utilising angular momentum, Lumley, 1999 and Heywood, 1988. In the 
first method the angular velocity is calculated for each axial velocity vector on a 
single profile by dividing it by its radial distance from the centre of the cylinder liner. 
The mean of these values is then used as a representative value for the angular 
velocity of the flow and form the numerator in equation 5.4, Glanz, 2000. This is the 
same equation as given in chapter 2, equation 2.10, Lumley, 1999. 
Tumble Ratio 
πω2
R
U
n
1
Tr
N
1n n
n∑
==  5.4
 
In the second method the angular momentum of the flow is calculated, 5.5, and this is 
used in conjunction with the value angular momentum of a solid body rotation, 5.6, 
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with the same value for the angular momentum to calculate a value for the angular 
velocity of the flow, 5.7. Here a disc of unit depth and constant density is assumed. 
Angular momentum from 
LDA measurements 
( )drr2π R
0
2∫= vrH ρ  5.5
Angular momentum for 
solid body 
∫=
R
0
3drω2 rH πρ  5.6
Angular velocity 
( )
4
R
0
2
R
drr4
ω
∫
=
vr
 
5.7
As these two methods are quite disparate, they will be briefly examined here with 
some artificial data to judge any differences between them. To start this study I have 
begun by looking at a generated solid body flow. This has the advantage of knowing 
the equation to be calculated and so the direct integration can be performed. This of 
course gives the correct answer for the angular velocity but my reason for performing 
this simple case was also a test on the simple numerical method that I am using to find 
the integral. This is fully described in the section for calculating the mass flow rate 
from point data. 
Table 5.1: Data for angular velocity for solid body rotation 
 Solid Body  
 Distance mm Velocity mm/s V*R**2 Integral R**4 angular vel. V/R s-1 
 0 0 0     
 1 2 2 1   2
 2 4 16 9   2
 3 6 54 35   2
 4 8 128 91   2
 5 10 250 189   2
 6 12 432 341   2
 7 14 686 559   2
 8 16 1024 855   2
 9 18 1458 1241   2
 10 20 2000 1729   2
    5050 10000 2.02 2
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Figure 5.4: Solid body rotation as used in table 5.1 
 
Table 5.1 and graph 5.4 above show the calculations and the graph of the flow field. 
The method that I use to calculate the angular velocity obviously gives the correct 
result, but it is interesting that the value calculated by angular momentum also give a 
very close answer lending confidence to the method employed for the integration. 
 
The next step was to generate a slightly different but perhaps more realistic function 
to test between the two methods. I have generated a pseudo Rankine vortex, 
simplifying slightly by replacing the normal curve at the outer edges with a straight 
line. The form of the curve is shown in the figure below, with the following table 
showing the calculations for the two methods, again that of Glanz and that of Lumley. 
Table 5.2: Data for angular velocity for Rankine vortex 
Psuedo Rankine Vortex  
Distance mm Velocity mm/s V*R**2 Integral R**4   
0 0 0     
1 2 2 1   2
2 4 16 9   2
3 6 54 35   2
4 8 128 91   2
5 10 250 189   2
6 12 432 341   2
7 14 686 559   2
8 16 1024 855   2
9 16 1296 1160   1.777778
10 16 1600 1448   1.6
   4688 10000 1.8752 1.937778
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Figure 5.5: Simplified Rankine vortex as used in table 5.2 
 
Again the two values calculates from the two methods are very close, giving values of 
1.93 for Glanz and 1.88 for Lumley. This leads me to believe that the two methods are 
performing in a similar way for data that is not true solid body. I admit that I do not 
know which is the most accurate but I have always assumed that Lumley’s method 
was trying to relate point data to that obtained by a swirl meter, which previous 
studies have shown is not necessarily the best method for complex flow patterns, 
which occur far more frequently when measuring tumble flow, e.g. Wigley and 
Hawkins, 1978. For completeness, results from both methods will be given in the 
results tables for the steady flow, LDA data. 
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5.2 STEADY FLOW RIG – HEAD 1 
 
In this section the results for head 1 will be given, the measured results on the flow 
rig, the subsequently derived results based on the measured and calculated results and 
finally the results and analysis from the LDA measurements performed on the head. 
 
The ambient conditions for this piece of work were a barometric pressure of 1.01bar 
and a room temperature of 21 °C, and this then gives a density for the air of 1.197 
kgm-3. The measurements were performed at two pressure drops across the valves of 
250mm and 635mm (25 inches) water gauge. 
 
5.2.1 Standard Measurements 
The results from the mass flow rate measurements are shown in table 5.3, and 
graphically in figure 5.6. The errors have been calculated on being able to read the 
inclined manometer to plus or minus 0.025 of the percentage scale reading. 
Table 5.3: Measured mass flow rates 
  250 mm H2O 635 mm H2O 
Lift mm L/VD Airflow kg/s Error kg/s Airflow kg/s  Error  kg/s 
1 0.032 0.0102 0.0004 0.0159 0.0015 
2 0.064 0.0192 0.0008 0.0321 0.0015 
3 0.096 0.0290 0.0015 0.0474 0.0015 
4 0.128 0.0395 0.0015 0.0644 0.0022 
5 0.160 0.0489 0.0015 0.0794 0.0022 
6 0.192 0.0557 0.0022 0.0905 0.0029 
7 0.224 0.0614 0.0022 0.0994 0.0029 
8 0.256 0.0668 0.0022 0.1065 0.0045 
8.5 0.272 0.0692 0.0029   
9 0.320 0.0708 0.0022 0.1129 0.0045 
10 0.352 0.0732 0.0022 0.1173 0.0045 
 
The mass flow rate increases with valve lift as would be expected, but not as a linear 
function, and it seems to be reaching a steady value, albeit at a higher valve lift than 
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expected from the previous calculations, i.e. at a valve lift greater than when the flow 
is expected to be constrained by the port area rather than the valve lift, figure 5.4. 
 
Having obtained a measure for the mass flow rates through the valves under steady 
state conditions, this is just the start of the analysis when it comes to characterising a 
cylinder head by these methods. The next task is to calculate the coefficient of 
discharge, a measure of the efficiency of the system in transferring the air to the 
cylinder, and this value is obtained by dividing the measured mass flow rate by the 
calculated mass flow rate from chapter 4. A second coefficient is also calculated, the 
flow coefficient and this relies on a mass flow value assuming a constant area for the 
valve based on the inner valve seat diameter as a reference flow area. The flow 
coefficient is more reliable in comparing the flows at large valve lifts and since most 
of the air into the cylinder occurs at the higher valve lifts it is better than the discharge 
coefficient with regard to the overall efficiency of the engine breathing. The opposite 
is true at low valve lifts where the discharge coefficient is more relevant and explains 
why both calculations are performed. The comparison between the measured mass 
flow rates and the calculated mass flow rates are shown in figure 5.4, where (m) 
stands for measured values and (c) stands for calculated values. 
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Figure 5.6: Calculated and Measured mass flow rates 
 
The mass flow rate for the flow coefficient was not previously calculated and so the 
results for the two pressure drops are given here. Again the equation for compressible 
flow, 4.13, and the data from table 4.1 combined with the ambient conditions given 
above were used. These calculations then give a value of 0.1053 kgs-1 for a pressure 
drop of 250 mm water gauge across the valves and a value of 0.1644 kgs-1 for a 
pressure drop of 635 mm water gauge across the valves. These results now allow the 
discharge and flow coefficients to be calculated and are shown in tables table 5.4 and 
5.5, and figure 5.7. 
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Table 5.4: Discharge and flow coefficients for 250 mm pressure drop 
  250mm H2O 
Valve 
lift Mass Flow 
Mass 
Flow 
Mass 
Flow Discharge Flow 
mm Kg/s (m)  Kg/s (c)  Kg/s (v)  Coefficient  Coefficient  
1 0.0102 0.0085 0.1053 1.196 0.097 
2 0.0192 0.0173 0.1053 1.115 0.183 
3 0.0290 0.026 0.1053 1.086 0.275 
4 0.0395 0.0370 0.1053 1.066 0.375 
5 0.0489 0.0484 0.1053 1.009 0.464 
6 0.0557 0.0603 0.1053 0.924 0.529 
7 0.0614 0.0724 0.1053 0.847 0.583 
8 0.0668 0.0847 0.1053 0.788 0.634 
9 0.0708 0.0881 0.1053 0.804 0.672 
10 0.0732 0.0881 0.1053 0.830 0.694 
 
Table 5.5: Discharge and flow coefficients for 635 mm pressure drop 
  635mm H2O 
Valve 
lift Mass Flow 
Mass 
Flow 
Mass 
Flow Discharge Flow 
mm 
Kg/s (m) 
635 
Kg/s (c) 
635 
Kg/s (v) 
250 
Coefficient 
635 
Coefficient 
635 
1 0.0159 0.0133 0.1644 1.193 0.097 
2 0.0321 0.0270 0.1644 1.187 0.195 
3 0.0474 0.0417 0.1644 1.137 0.288 
4 0.0644 0.0578 0.1644 1.112 0.391 
5 0.0794 0.0756 0.1644 1.049 0.483 
6 0.0905 0.0942 0.1644 0.961 0.551 
7 0.0994 0.1131 0.1644 0.878 0.604 
8 0.1065 0.1322 0.1644 0.805 0.648 
9 0.1129 0.1375 0.1644 0.821 0.687 
10 0.1173 0.1375 0.1644 0.853 0.714 
 
There are several things to note about the plots in figure 5.6. The first is that there are 
relatively small differences in these values for the different pressure drops, and that 
they are not completely independent of pressure drop but are very nearly so. The flow 
coefficients show less change between their values than those for the discharge 
coefficient although the largest differences in the discharge coefficient are at the 
smaller valve lifts where the flow coefficient is relatively insensitive. The second 
thing to notice is that the discharge coefficient is greater than one at the small valve 
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lifts. This is not uncommon in these types of measurements and is believed to be due 
to pressure waves forming in the port at the lower valve lifts, Pearson, 2010. 
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Figure 5.7: Discharge and Flow Coefficients for 250mm and 635mm H2O pressure 
drop 
 
The next item to note is that the flow coefficient has a fairly smooth profile whereas 
the discharge coefficient is more disjointed. This is due to the method used to 
calculate the mass flow rate using the valve areas due to the work of Kastener et al., 
1963. Finally, the values for the discharge coefficient are quite high to those that 
would normally be expected, but here the ports were quite smooth, unlike those to be 
found in the more normal cast head. 
 
The second data sets collected were purely to check the symmetry between the two 
valves in terms of the mass rate through each valve independently, and the set up of 
the rig was identical to that for the previous measurements. Here the valve lift was 
increased in one millimetre steps up to nine millimetres, the pressure drop was 
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250mm of water and the mass flow rates were plotted. The results are tabulated in 
table 5.6 and plotted in figure 5.8. 
Table 5.6: Symmetry check on valves 
  25 cm H2O Right 25 cm H2O Left 
Lift mm L/VD Airflow kg/s Error kg/s Airflow kg/s Error kg/s 
1 0.032 0.0058 0.0004 0.0056 0.0004 
2 0.064 0.0098 0.0004 0.0097 0.0004 
3 0.096 0.0150 0.0008 0.0148 0.0008 
4 0.128 0.0205 0.0008 0.0204 0.0008 
5 0.160 0.0259 0.0008 0.0256 0.0008 
6 0.192 0.0281 0.0015 0.0282 0.0015 
7 0.224 0.0309 0.0015 0.0301 0.0015 
8 0.256 0.0335 0.0015 0.0323 0.0015 
9 0.320 0.0342 0.0015 0.0334 0.0015 
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Figure 5.8: Symmetry check on valves 
From 1mm to 5mm the mass flow rates are almost identical, but from 5mm onwards, 
the left hand valve starts to show a lower mass flow rate than the right hand valve. As 
the valve lift increases, then the port starts to have a larger impact of the flow rates, at 
low valve lifts the geometry is completely dominated by the lift. The ports on this 
particular head were hand fettled, and so it is quite likely that there are slight 
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differences between the two sides of the port. These differences could manifest 
themselves as an asymmetry in the engine cylinder at higher valve lifts. The combined 
mass flow rates from the two single valves are compared to that from both valves 
open together in figure 5.9. 
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Figure 5.9: Comparison of single valve and two valve mass flow rates 
The mass flow rate from both valves is lower than that from the combined single 
valve flows, until the greatest valve lift. The value from the two single valves appears 
to be approaching a maximum level faster than the values from the two valves 
together. 
 
The basic arrangement for the tumble flow measurements was described in chapter 3, 
where the rotation of the flow is measured by two swirl vanes in pipes at right angles 
to the cylinder. This rotational speed is then divided by a representative engine speed 
based on the volume flow rate as described in chapter 2. The results are given in 
tables 5.7 and 5.8 for 250mm and 635mm of water pressure respectively, together 
with the representative engine speed, and shown graphically in figure 5.10. The error 
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levels are based on the differences between the minimum and maximum levels 
measured from the rotational speeds. 
Table 5.7: Tumble ratio at 250mm of water pressure drop 
250mm H2O 
  Rotor speed rpm    
  Left Right    
Lift mm 
 
 
L/VD Min Max Min Max 
Rep. 
Engine 
speed 
Tumble 
Ratio 
 
 
Error 
1 0.032 0 0 105 113 570 0.095 0.004 
2 0.064 0 -10 324 346 1077 0.153 0.007 
3 0.096 62 90 0 0 1620 0.023 0.004 
4 0.128 270 280 0 0 2205 0.062 0.001 
5 0.160 469 511 0 140 2730 0.103 0.017 
6 0.192 520 547 0 95 3112 0.093 0.010 
7 0.224 0 160 513 579 3428 0.091 0.016 
8 0.256 0 150 945 967 3729 0.138 0.011 
9 0.320 0 207 1267 1310 3954 0.176 0.016 
10 0.352 510 613 1360 1410 4085 0.238 0.009 
 
Table 5.8: Tumble ratio at 635mm of water pressure drop 
635mm H2O 
  Rotor speed rpm    
  Left Right    
Lift mm 
 
 
L/VD Min Max Min Max 
Rep. 
Engine 
speed 
Tumble 
Ratio 
 
 
Error 
1 0.032 0 0 281 295 887 0.162 0.004 
2 0.064 0 10 541 565 1790 0.156 0.005 
3 0.096 0 0 740 760 2647 0.142 0.002 
4 0.128 154 170 0 -10 3593 0.022 0.002 
5 0.160 863 987 -93 -128 4430 0.092 0.009 
6 0.192 1414 1464 -595 -649 5055 0.081 0.005 
7 0.224 211 418 716 773 5547 0.095 0.012 
8 0.256 0 20 1410 1554 5945 0.125 0.007 
9 0.320 0 10 1911 2008 6303 0.156 0.004 
10 0.352 534 648 2261 2325 6551 0.220 0.007 
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Figure 5.10: Tumble ratios for pressure drops of 250mm and 635mm of H2O 
 
The tumble ratios shown in figure 5.8 show a flat response to valve lift and hence 
mass flow rate, but this is due to the ratio being calculated on the representative 
engine speed which is itself directly related to the mass flow rate. There is a slight rise 
in the value of the tumble ratio at the higher valve lifts. The two graphs from the 
different pressure drops have very similar values, also expected as the inlet air 
velocity would be expected to scale somewhat with engine speed, for this range of 
engine speeds and for air flows well below the speed of sound, and so no choking of 
the air flow. The closeness of the two graphs indicates the good approximation of 
engine speed derived from the measured mass flow rates. The values for the tumble 
ratio are small and even though the head was not designed to have a particularly high 
tumble number, i.e. greater than 1, these values are lower than expected. However, the 
measured flows rates from the vanes show no trend and do not lead to any great 
confidence in the tumble ratios calculated. 
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The low values of the tumble at low valve lifts is to be expected as at these lifts the 
flow from the back of the valves, near the cylinder wall, will be close to the flow over 
the top of the head and so cancel out. Some modern tumble engines now have valve 
shrouding to prevent this back flow at low valve lifts, even at the cost of a 
compromise in the discharge coefficient, and this becomes even more important if 
variable valve lift strategies are used to reduce the pumping work of the engine, where 
the maximum valve lift may be very small for low engine loads. These effects and 
remedies were detailed in chapter 2, where the importance of tumble was discussed. 
 
5.2.2 LDA Measurements 
The LDA measurements were made in a plane that was half bore below the flame face 
of the head. The pressure drop across the valve gap was set to 250mm of water, and 
the measurements were performed for two valve lifts, 5mm and 8.5mm, with the latter 
lift representing maximum valve lift for this engine geometry. The measurements 
were made in radial scans across the liner, with 10 points per scan. These points were 
selected to give an approximation of lying in the centre of equal areas for the 
segments and are shown in table 5.9, where point one is closest to the cylinder wall. 
This is usually taken as the first point, as being closest to the wall, it is most 
susceptible to fouling of the glass, and hence noise being introduced on to the signal. 
For the 5mm valve lift, 24 equi-spaced radii were measured, so every 15 degrees 
around the liner, whereas for the 8.5mm lift only 8 radii were measured, every 45 
degrees. 
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Table 5.9: Measurement positions 
Position Number Distance from wall, mm
1 1.0 
2 3.0 
3 5.0 
4 7.5 
5 10.0 
6 12.5 
7 15.5 
8 19.0 
9 23.0 
10 28.0 
 
The measurements are in the form of probability distribution functions, and two 
examples of distributions from this set of results are shown in figures 5.11 and 5.12. 
Figure 5.11: Clean distribution function from measurements 
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Figure 5.12: Noisy distribution function 
Figure 5.12 shows a noisy data set, usually caused by reflections or dirt on the 
window. Ideally this data would have been repeated, after determining the source of 
the noise, or alternatively it would have been filtered using certain criteria to limit the 
bandwidth of frequencies over which the calculation for mean velocity was 
performed. Unfortunately, in this particular instance, neither option was available, due 
time constraints on the work for repeating the data and the distribution itself not 
lending itself to filtering due to there being two sets of noise, the lower frequency 
histogram and additional noise about the frequency shift value. Therefore, to obtain a 
analysis of this data, the assumption of symmetry has been used to correct for the 
noisy data, by using the values obtained in the symmetry plane for the point in 
question. Although this assumption is made quite often in computational fluid 
dynamics, experience has shown that it is rarely true in nature, so this is a compromise 
solution to allow the data to be used for some simple analysis of bulk flow 
characteristics. The results for the 5mm valve lift are shown in table 5.10 below, with 
the edited points being highlighted in bold text. Additionally, as these values do not 
lay on the main axis, they will only be used for the approximate calculation of mass 
flow rate and not for the tumble calculations or the comparison with transient data. 
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Table 5.10: LDA mean velocities for 5mm valve lift (see table 5.7 for radial position) 
  Radial                     
Radius Position 1 2 3 4 5 6 7 8 9 10
0   -0.41 0.67 -1.34 -4.36 -7.14 -8.25 -8.8 -8 -4.84 2.89
1   3.29 3.42 1.93 -1.92 -5.2 -7.67 -8.02 -6.76 -1.28 5.86
2   4.25 4.83 3.64 0.37 -1.9 -3.27 -3.09 0.75 6.55 9.75
3   9.59 8.58 7.1 4.1 3.86 4.1 8.23 11.96 14.24 13.05
4   26.25 25.87 22.88 22.37 21.13 21.42 20.36 19.75 19.91 13.53
5   34.21 33.44 29.23 30.81 28.86 26.69 25.11 21.18 17.88 12.97
6   35 33.49 32.39 29.83 24.22 25.72 20.61 19.17 15.65 13.49
7   34.21 33.44 32.36 30.24 28.7 27.11 25.25 22.17 17.9 13.2
8   26.25 27.34 26.23 23.88 22.92 22.35 21.42 25.69 18.91 14.62
9   10.58 9.44 7.17 5.15 3.09 3.6 7.06 11.33 15.08 14.24
10   4.25 5.6 3.81 0.44 -2.07 -3.67 -2.65 1.25 6.95 11.21
11   3.29 3.42 2.3 -0.83 -3.83 -5.13 -5.12 -5.44 0.37 7.42
12   3.49 3.22 0.97 -1.79 -4.73 -6.75 -7.64 -5.18 -1.61 4.7
13   -1.02 5.69 2.32 -0.74 -2.55 -3.79 -3.5 -2.82 0.05 2.7
14   8.94 6.78 3.03 1.36 -0.39 -0.85 -1.9 -0.9 0.28 2.1
15   12.81 9.35 4.69 3.78 3.83 5.68 4.11 3.99 1.62 2.11
16   23.59 18.88 13.99 9.61 13.57 13.97 12.96 11.46 4.33 2.55
17   40.15 35.65 31.04 26.87 25.95 26.11 23.02 13.25 5.11 1.77
18   34.94 32.64 30.8 28.96 28.06 25.15 17.92 10.87 3.07 1.87
19   31.86 25.67 20.49 14.36 11.33 10.1 10.9 4.14 3.55 2.2
20   23.59 18.83 10 4.21 0.79 0.15 0.27 0.04 0.58 1.51
21   12.19 9.35 2.91 -2.12 -3.18 -3.04 -2.44 -2.35 -0.9 1.9
22   8.94 3.08 -0.1 -3.49 -5.64 -5.16 -5.52 -4.52 -2.23 1.43
23   -1.02 -2.45 -5.18 -7.34 -7.58 -8.3 -7.28 -4.9 0.29 4.54
 
In table 5.10, positive velocities represent flow movement away from the cylinder 
head, and the radial positions are as for those given in table 5.9. As the object of these 
measurements is to perform some elementary analysis in terms of the bulk fluid 
motion, only two diameters have been chosen to graphically represent the collected 
data. These are the diameter between the two inlet valves, which exhibits the 
maximum measured velocities, and the orthogonal diameter, representative of the 
main symmetry plane. These plots are shown in figure 5.13, and indicate the good 
degree of symmetry from this head, seen in the near symmetrical profiles either side 
of the centre line for the cross tumble plane. The maximum flow velocities measured 
can be seen in the tumble plane and it is obvious that there is a significant flow from 
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the back of the valves shown by the high velocities on the right hand side of the 
figure. 
Mean Velocity - 5mm Lift
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Figure 5.13: LDA mean velocities for a 5mm valve lift 
However it can be seen from this figure that there is some tumble flow shown on the 
tumble diameter by the asymmetry of the profile. It can also be seen that the 
symmetry plane does not exhibit exactly the same profiles either side of the centre 
line, and this agrees with the previous flow rig studies on single valves, where the 
measured flow through one valve was slightly higher than that from the other valve. 
 
The corresponding data for the 8.5mm valve lift are shown in table 5.11, and 
displayed graphically in figure 5.14. At this higher valve lift, it can be seen that there 
is much less symmetry on the axis between the inlet and exhaust valves, and also that 
there is a reverse flow back towards the head in the centre on the cylinder, which was 
not present with the 5mm lift. The asymmetry in the symmetry plane is even more 
pronounced at this higher valve lift which shows the same trend as the flow rig 
measurements. 
Chapter 5                                                                 Results – Steady State 
___________________________________________________ 
129 
Table 511: LDA mean velocities for 8.5mm valve lift 
  Radial                     
Radius Position 1 2 3 4 5 6 7 8 9 10
0   5.02 3.38 1.07 -4.13 -6.05 -5.4 -0.73 2.92 6.61 4.18
3   25.72 23.06 19.89 19.24 21.52 22.71 24.15 23.08 18.94 10.06
6   31.1 31.5 31.57 31.11 29.61 29.09 27.87 24.87 19.05 9.84
9   25.72 26.74 25.94 26.85 27.07 26.81 25.12 23.32 18.23 11.02
12   5.17 5.37 2.45 1.13 0.67 2.14 6.34 7.45 7.96 4.29
15   24.84 14.98 5.16 -0.31 -3.14 -1.91 0.51 3.25 5.22 2.24
18   33.13 31.52 28.64 29.24 31.19 33.55 32.11 23.19 11.94 4.24
21   23.35 15.2 7.26 -1.81 -5.16 -6.23 -5.37 -4.32 -3.48 -3.55
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Figure 5.14: LDA mean velocities for a 8.5mm valve lift 
The analysis of the bulk flow properties will look at the mass flow rate and tumble 
values for the two valve lifts with the methods being described in section 5.1. This 
will, of course, mean a coarse mesh for the calculations and highlights the problem of 
trying to measure properties such as mass flow rate with a point measurement system. 
However, on the positive side for these types of measurement, it is expected that the 
value calculated for the tumble ratio will be more representative than that calculated 
from bulk flow measurements. The areas to be used for the mass flow rate 
Chapter 5                                                                 Results – Steady State 
___________________________________________________ 
130 
calculations calculations, for the 5mm and the 8.5 mm lift are given in table 5.12, 
where the areas for the 8.5mm lift are greater due to the fewer radii measured. 
 
Table 5.12: Segment areas for mass flow calculations 
Radial 
Pos Area 5mm 
Area 
8.5mm 
1 20.5512519 61.6537558
2 19.5040544 58.5121632
3 20.6903329 62.0709986
4 21.4348249 64.3044746
5 19.7985787 59.3957361
6 19.8885722 59.6657167
7 20.9521323 62.8563968
8 20.7394203 62.2182608
9 20.0276532 60.0829595
10 28.4788647 85.436594 
 
Each velocity measurement is multiplied by the appropriate sector area, and the 
results are summed to give the volume flow in metres cubed per second. This volume 
flow is then multiplied by the air density to give a mass flow rate, and the results of 
this analysis are given in table 5.13. 
Table 5.13: Comparison of mass flow rates from LDA measurements and flow rig for 
a pressure drop of 250mm H2O 
  Mass flow rates kgs-1 
Valve Lift L/VD  LDA measurements 
mm  Flow rig Method 1 Method 2 Method 3 
5 0.160 0.0489 0.0540 0.0532 0.0532 
8.5 0.272 0.0692 0.0807 0.0789 0.0785 
   Percentage differences to flow rig 
5 0.160  10 8.8 8.8 
8.5 0.272  16.6 14 13.4 
 
The values show the expected increase in mass flow rate with increase in valve lift, 
but it should be noted that this is not a linear increase, and shows the same tendency 
as the measurements made on the steady flow rig. The values calculated are higher 
than those measured by the flow rig, with percentage differences ranging from 8.8% 
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to 16%. These percentage differences are largest for method 1, where no allowance 
has been made for any wall effects, while methods 2 and 3 show similar results. The 
smallest errors are for the 5mm valve lift, but this is not related to the valve lift but to 
the density of measurement points with the LDA being higher for this valve lift and so 
a closer approximation is to be expected. However, the differences are still quite large 
and highlight the problems associated with trying to measure bulk flow parameters 
with a point measurement system. 
 
 To calculate the tumble ratio from the LDA measurements, the main diameter, 
between the two inlet valves will be used and the symmetry diameter will be used to 
calculate the cross tumble ratio. As with the previous calculations for tumble ratio, the 
value calculated from the angular velocities are then divided by an assumed engine 
speed in cycles per second, Hz, Glanz, 2000. 
 
The values for the tumble and cross tumble ratios for the two valve lifts are given in 
table 5.14, with the engine speed for this pressure drop again taken from the average 
velocity of the air being equated to mean piston speed. There are two values given for 
each condition, one from the calculations of Glanz and one from those of Lumley, 
denoted G and L respectively. 
Table 5.14: Tumble ratios from LDA data 
Valve lift mm Tumble Ratio 
G 
Tumble Ratio 
L 
Cross Tumble 
G  
Cross Tumble 
L 
5 0.38 0.16 -0.16 -0.14 
8.5 -0.07 -0.02 -0.17 0.16 
 
It can be seen that the two methods used give very similar answers with small 
differences in the absolute values. This is somewhat surprising and I have not been 
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able to find any simple relationship between the methods, except to say that both do 
have some meaning in what they are trying to achieve. From an engineering point of 
view, the difference seen here in table 5.14 would not assume any significance in 
characterising the port/head arrangement. 
 
The surprising result here is the lower value of the tumble ratio for the higher valve 
lift. The values calculated from the LDA are of a similar order to those measured 
integrally on the steady flow rig, but in that instance there was a flat response with 
valve lift. To look at these effects in more detail, the tumble ratio has been calculated 
using all the LDA data collected and so approximating a full field calculation more 
aligned to the standard measurements. For these calculations the angular velocity was 
again calculated, by using the perpendicular distance from the diameter parallel to the 
pent as a zero position for the radial distances. A schematic is shown in figure 5.15, 
where only the measurements in one half of the cylinder are shown. The distances 
used for the angular velocity calculations are shown for one radius, and the same 
calculations were performed for all points in the plane, and there the mean value 
taken. One further set of calculations were performed, and these were aimed at a 
chord across the centre of the inlet and exhaust valves, so one calculation for each 
inlet valve. The chord across the centre of the inlet valve is shown in figure 5.16, 
again for only one half of the cylinder and it can be seen that the measurements used 
for this part of the calculation are only in approximately the correct positions with 
only the points lying close to the chord being used. These results are shown in table 
5.15. In these additional calculations only the method of Glanz has been used as the 
difficulty of integrating with too few points was seen clearly in the calculations for the 
mass flow rates from point measurements. 
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Figure 5.15: Schematic of the measurements points used for the full field calculations 
of tumble with the radial distances used for the calculation of angular velocity. (only 
half the measurements points are shown for clarity) 
 
 
 
Figure 5.16: Measurements points used in the calculation of tumble across the centre 
of the inlet valves. (only one chord shown for clarity) 
 
Table 5.15: Additional tumble calculations 
Valve Lift mm Full field tumble Valve 1 tumble Valve 2 tumble 
5 0.63 0.51 0.37 
8.5 0.92 2.08 1.74 
 
In all of these new calculations the value at 8.5mm is greater than that at 5mm, 
showing a difference to the steady flow measurements. It could be argued that the full 
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field calculations give a better approximation to the flow measured by the integral 
method, and the value from the LDA data is larger than that from the steady flow rig 
which could be expected given the potential losses that could occur due to the 
geometry of the integral flow measurement apparatus. Also of note from these 
measurements is that the value calculated over valve one is always higher than that 
over valve two, and this corresponds to the different mass flow rates that were 
measured for the two valves independently. 
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5.3 STEADY FLOW RIG – HEAD 2 
This section presents the results for head 2, with again the measured results from the 
flow rig, the derived results based on the measured and calculated results and analysis 
from the LDA measurements completed on this head. 
 
The ambient conditions for this work were a barometric pressure of 1.026bar and a 
room temperature of 25°C giving an air density of 1.199 Kgm-3. The format of the 
presented results will follow the same pattern as those for head 1. As before the 
measurements have been made at two pressure drops of 250mm and 635mm 
(25inches) water gauge. 
 
5.3.1 Standard Measurements 
The results from the standard steady flow measurements are given in table 5.16 and 
graphically, along with the previously calculated values from chapter 4 are shown in 
figure 5.17. The trends are the same as for the first head, although with higher values 
reflecting the larger capacity of this engine. The discharge and flow coefficients can 
now be calculated from these measured and calculated results. As the mass flow rate 
for the flow coefficient was not given previously, the results are given here where the 
equation for compressible flow, 4.13, and the data from table 4.1 has been combined 
with the ambient conditions given above for this experiment. The values derived for 
these mass flows are 0.1368kgs-1 for a pressure drop of 250mm water gauge across 
the valves and 0.2136kgs-1 for 635mm water gauge pressure drop across the valves. 
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Table 5.16: Measured mass flow rates. 
  250 mm H2O 635 mm H20 
Lift mm L/VD Airflow kg/s Error Kg/s Airflow kg/s Error Kg/s 
1 0.029 0.0103 0.0005 0.0169 0.0005 
2 0.057 0.0220 0.0010 0.0365 0.0010 
3 0.086 0.0333 0.0010 0.0568 0.0021 
4 0.114 0.0461 0.0021 0.0750 0.0021 
5 0.143 0.0572 0.0021 0.0913 0.0042 
6 0.171 0.0678 0.0021 0.1072 0.0042 
7 0.200 0.0767 0.0021 0.1214 0.0042 
8 0.229 0.0829 0.0042 0.1340 0.0042 
9 0.257 0.0884 0.0042 0.1430 0.0042 
10 0.286 0.0917 0.0042 0.1479 0.0042 
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Figure 5.17: Calculated and Measured mass flow rates for head 2 at 250mm H2O and 
635mm H2O 
 
The results from the calculations for the discharge coefficient and the flow coefficient 
are given in tables 5.17 and 5.18 and shown graphically in figure 5.18. 
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Table 5.17: Discharge and flow coefficients for 250mm pressure drop 
Valve   250 mm H2O 
lift L/VD Mass Flow Mass flow Mass Flow Discharge Flow 
mm  Kg/s (meas) Kg/s (calc) Kg/s (cons) Coefficient Coefficient 
  250 250 250 250 250 
1 0.029 0.0103 0.0096 0.1368 1.069 0.075 
2 0.057 0.0220 0.0195 0.1368 1.127 0.160 
3 0.086 0.0333 0.0300 0.1368 1.108 0.243 
4 0.114 0.0461 0.0417 0.1368 1.106 0.337 
5 0.143 0.0572 0.0545 0.1368 1.049 0.418 
6 0.171 0.0677 0.0679 0.1368 0.997 0.495 
7 0.200 0.0767 0.0815 0.1368 0.941 0.560 
8 0.229 0.0829 0.0868 0.1368 0.954 0.605 
9 0.257 0.0883 0.0868 0.1368 1.017 0.645 
10 0.286 0.0917 0.0868 0.1368 1.055 0.670 
 
Table 5.18: Discharge and flow coefficients for 635mm pressure drop 
   635 mm H2O 
Valve L/VD Mass Flow Mass Flow Mass Flow Discharge Flow 
Lift  Kg/s (meas) Kg/s (calc) Kg/s (cons) Coefficient Coefficient 
mm  635 635 635 635 635 
1 0.029 0.0169 0.0150 0.2136 1.124 0.079 
2 0.057 0.0365 0.0304 0.2136 1.197 0.170 
3 0.086 0.0568 0.0469 0.2136 1.210 0.265 
4 0.114 0.0750 0.0650 0.2136 1.152 0.351 
5 0.143 0.0912 0.0851 0.2136 1.072 0.427 
6 0.171 0.1071 0.1059 0.2136 1.011 0.501 
7 0.200 0.1214 0.1272 0.2136 0.954 0.568 
8 0.229 0.1339 0.1355 0.2136 0.988 0.627 
9 0.257 0.1430 0.1355 0.2136 1.055 0.669 
10 0.286 0.1478 0.1355 0.2136 1.091 0.692 
 
The same comments as for head 1 are applicable here also in that there is very little 
difference in value against pressure drop, with the largest differences being seen in the 
discharge coefficient at small valve lifts. 
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Figure 5.18: Discharge and Flow Coefficients 
 
For head 2, measurements were also performed on the single valves independently, 
but in this case for both pressure drops of 250mm and 635mm water gauge pressure 
drops. These measurements were again only made as a symmetry check on the 
independent valves and so further calculations of discharge or flow coefficients were 
not performed as the engine would not be run in single valve operation. The data from 
the single valve measurements are shown in tables 5.19 and 5.20 and plotted in figure 
5.19. 
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Table 5.19: Symmetry check on valves at 250mm pressure drop 
   250 mm H2O Right 250 mm H2O Left 
Valve 
lift L/VD Airflow kg/s Error kg/s Airflow kg/s Error kg/s 
mm      
1 0.029 0.0058 0.0005 0.0056 0.0005 
2 0.057 0.0106 0.0005 0.0101 0.0005 
3 0.086 0.0158 0.0005 0.0153 0.0005 
4 0.114 0.0229 0.0010 0.0226 0.0010 
5 0.143 0.0290 0.0010 0.0285 0.0010 
6 0.171 0.0341 0.0010 0.0341 0.0010 
7 0.200 0.0383 0.0010 0.0385 0.0010 
8 0.229 0.0412 0.0021 0.0425 0.0021 
9 0.257 0.0427 0.0021 0.0440 0.0021 
10 0.286 0.0427 0.0021 0.0436 0.0021 
 
Table 5.20: Symmetry check on valves at 635mm pressure drop 
   635 mm H2O Right 635 mm H2O Left 
Valve 
lift L/VD Airflow kg/s Error kg/s Airflow kg/s Error kg/s 
mm      
1 0.029 0.0095 0.0005 0.0081 0.0005 
2 0.057 0.0179 0.0005 0.0169 0.0005 
3 0.086 0.0288 0.0010 0.0273 0.0010 
4 0.114 0.0382 0.0010 0.0368 0.0010 
5 0.143 0.0484 0.0021 0.0469 0.0021 
6 0.171 0.0563 0.0021 0.0559 0.0021 
7 0.200 0.0626 0.0021 0.0629 0.0021 
8 0.229 0.0657 0.0021 0.0677 0.0021 
9 0.257 0.0680 0.0021 0.0697 0.0021 
10 0.286 0.0679 0.0021 0.0696 0.0021 
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Figure 5.19: Symmetry Check on Valves 
At the lower pressure drop there is very little difference between the two valves until 
the lift is 8mm, whereas for the higher pressure drop there are difference at all valve 
lifts, but the greater flow changes from the right hand valve to the left hand valve at 
approximately 6.5mm. As was commented about head one, it is possible that these 
differences will also manifest themselves in the in-cylinder measurements in the 
motored engine. 
 
As a final check on these valve flows, the summed data from the two independent 
valves is compared to that measured from both valves together and this result is 
shown in figure 5.20. For the lower pressure drop the profiles are very similar until 
9mm where both valves together have a slightly higher flow rate, however this is 
insignificant as maximum valve lift is 9.1mm for this engine. At the higher pressure 
drop, then the single valves combined have a greater flow rate between 4mm and 
8mm above which both valves together have the higher flow rate. Below 4mm there is 
no discernible difference between them. As stated before, as the engine will only be 
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operated with two inlet valves, these difference are not of any great importance and it 
is the slight asymmetry between the two valves that may have an impact on the in-
cylinder flow. 
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Figure 5.20: Comparison of single valve and two valve mass flow rates 
 
The final piece of work for the standard steady flow measurements is the measure of 
the tumble flow, again using the ‘T’ piece arrangement with two swirl vanes as 
described in chapter 3. For this head these particular measurements were only 
performed at 635mm of water pressure, but as was seen for head 1, there was very 
little difference observed between the two pressure drops. The data for these 
measurements are given in table 5.21 and shown graphically in figure 5.21. 
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Table 5.21: Tumble ratio at 635mm of water pressure drop 
635mm H2O 
  Rotor speed rpm    
  Left Right    
Lift 
mm 
L/VD Min Max Min Max Rep. 
Engine 
Speed 
Tumble 
Ratio 
Error 
1 0.029 503 535 217 233 989 0.376 0.012 
2 0.057 589 632 0 136 2103 0.161 0.021 
3 0.086 533 581 606 644 3152 0.188 0.007 
4 0.114 530 613 927 1013 4160 0.185 0.010 
5 0.143 985 1059 956 1313 5122 0.211 0.021 
6 0.171 1765 1838 1996 2067 5964 0.321 0.006 
7 0.200 2657 2751 2883 2902 6634 0.422 0.004 
8 0.229 3110 3191 3422 3496 7212 0.458 0.005 
9 0.257 3037 3114 3303 3371 7597 0.422 0.005 
10 0.286 4598 4635 4700 4853 7779 0.604 0.006 
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Figure 5.21: Tumble ratios at a pressure drop of 635mm H2O 
The tumble ratio does not show the same flat response to valve lift that was observed 
for head 1. The values of the tumble ratio are higher in this case, and show a definite 
increase in values from a 5mm valve lift onwards. 
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5.3.2 LDA Measurements 
A more comprehensive set of LDA measurements were performed on head 2, with 
measurements at 5mm and 10mm valve lifts being taken for both 250mm and 635mm 
water gauge pressure drops, and at 2mm valve lift for 250mm water gauge pressure 
drop. Again the measurements were made in radial scans with 24 scans made at the 
5mm valve lift and 250mm pressure drop, 12 scans for the 2mm valve lift and 8 scans 
for the remaining conditions. The measurement positions for each set are detailed in 
table 5.22, where the numbers in the body of the table refer to the valve lifts. The 
position is the radial distance from the centre and the radius is based in degrees 
relative to the radius between the two inlet valves. 
 
As before the data will be presented in the form of tables for the complete data sets 
and graphically for the velocities along the two main axes, the main (tumble) and the 
symmetry (cross tumble) axes. The data will be presented in order of valve lift, with 
the lowest lift being the first data set examined. The measurements were all made at 
half diameter below the head flame face, i.e. 44mm below the head. The tables are set 
out in a similar format to table 5.20 above, but with the radial positions denoted by the 
numbers 1 to 11, where 1 is closest to the cylinder wall, and 11 is at the centre of the 
liner. The velocities are all in ms-1 and as before positive velocities represent flow 
away from the head. The centre position was only measured once per data set. The 
data for the 2mm valve lift is shown in table 5.23 below. 
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Table 5.22: Measurement positions 
Position 42.0 40.6 38.1 35.5 32.6 29.5 26.0 22.0 17.0 9.8 0.0 
Radius            
0 All All All All All All All All All All All 
15 5 5 5 5 5 5 5 5 5 5  
30 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5  
45 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10  
60 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5  
75 5 5 5 5 5 5 5 5 5 5  
90 All All All All All All All All All All  
105 5 5 5 5 5 5 5 5 5 5  
120 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5  
135 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10  
150 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5  
165 5 5 5 5 5 5 5 5 5 5  
180 All All All All All All All All All All  
195 5 5 5 5 5 5 5 5 5 5  
210 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5  
225 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10  
240 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5  
255 5 5 5 5 5 5 5 5 5 5  
270 All All All All All All All All All All  
285 5 5 5 5 5 5 5 5 5 5  
300 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5  
315 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10 5,10  
330 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5  
345 5 5 5 5 5 5 5 5 5 5  
 
Table 5.23: Velocity data for a valve lift of 2mm 
250mm H2O pressure drop 
  1 2 3 4 5 6 7 8 9 10 11
0 9.52 10.85 10.31 9.66 8.12 5.78 3.38 0.67 -1.01 -1.57 0.49
30 12.96 10.79 4.63 -0.01 -1.79 -2.32 -2.83 -3.19 -3.54 -3.4  
60 14.89 12.39 4.38 -1.12 -3.85 -5.17 -6.52 -7.27 -7.23 -5.63  
90 13.79 11.02 4.49 -0.83 -4.52 -7.67 -9.38 -10.1 -9.41 -5.81  
120 8.11 7.03 2.98 -0.98 -4.42 -6.7 -8.1 -8.95 -8.06 -4.48  
150 6.13 8.01 8.25 6.77 4.72 2.6 1.03 -0.63 -0.15 1.9  
180 15.91 16.2 14.93 14 13.1 11.91 10.71 9.21 7.23 4.94  
210 8.68 9.77 9.22 8.53 7.95 7.16 6.44 5.84 4.76 3.54  
240 4.68 4.88 3.02 0.96 -0.4 -1.39 -1.5 -1.03 -0.43 0.22  
270 9.96 8.85 3.65 1 -0.29 -0.37 -1.02 -1.79 -2.43 -1.25  
300 3.79 3.51 2.27 2.03 4.46 6.9 6.68 4.37 0.42 -1.46  
330 13.91 13.16 10.97 10.35 10.25 9.52 8.73 5.9 0.67 -1.15  
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The plots in figure 5.22 represent the data from the 0 and 180 degrees for the main 
diameter and 90 and 270 degrees for the symmetry diameter. 
Mean Velocity 2mm Lift
-15
-10
-5
0
5
10
15
20
-50 -40 -30 -20 -10 0 10 20 30 40 50
Radial Distance [mm]
Ve
lo
ci
ty
 [m
/s
]
Main
Symmetry
Figure 5.22: Mean flow velocities for the 2mm valve lift at a pressure drop of 250mm 
H2O 
 
There are two main observations that can be made about these plots: Firstly, there is 
no evidence of symmetry on the symmetry diameter, suggesting very different flows 
from the two valves at this low lift. Secondly, the tumble that is evident from the main 
diameter is an example of reverse tumble where the dominant flow is on the same side 
of the cylinder as the inlet valves. This is not an uncommon phenomenon at low valve 
lifts and has led some manufacturers to use shielding of the back flow from the valves 
at small valve lifts, to enhance the tumble capability of the port. 
 
The next two tables, 5.24 and 5.25 are for the 5mm valve lift and for the two pressure 
drops used for these measurements, 250mm and 635mm respectively. 
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Table 5.24: Velocity data for 5mm valve lift and 250mm H2O pressure drop 
250mm H2O pressure drop 
  1 2 3 4 5 6 7 8 9 10 11
0 34.26 33.26 32.72 31.1 32.08 30.3 25.96 18.78 8.6 -0.56 0.91
15 32.97 29.93 23.34 17.08 14.39 15.4 16.86 14.38 5.27 -1.33  
30 26.14 20.29 10.06 5 1.68 2.78 4 3.59 -0.5 -1.53  
45 18.32 13.27 3.47 -1.08 -0.5 -0.61 -0.96 -2.08 -2.52 -0.93  
60 9.91 6.93 1.22 -2.48 -4.53 -5.96 -6.16 -5.62 -4.28 -0.53  
75 10.23 7.54 3.99 -2.26 -5.92 -8.41 -8.42 -7.41 -4.55 0.03  
90 13.58 12.49 6.77 0.23 -4.62 -7.08 -7.97 -7.56 -3.51 2.19  
105 16.93 16.02 8.06 1.33 -2.82 -6.54 -8.18 -6.76 -2.12 4.42  
120 14.32 12.53 5.86 0.68 -3.04 -4.87 -5.01 -2.1 3.49 5.77  
135 15.34 14.33 10.09 5.96 3.81 3.61 4.79 8.28 10.53 6.08  
150 23.55 23.3 22.65 21.4 20.67 19.86 19.04 17.97 13.4 5.76  
165 34.52 32.14 29.07 27.88 26.62 24.45 21.09 17.23 11.11 4.73  
180 35.29 33.03 30.31 28.25 25.29 22.36 19.18 14.23 10 4.87  
195 34.66 31.6 27.46 25.17 24.47 23.23 21.78 18.38 12.89 5.97  
210 23.34 23.6 21.75 20.65 19.1 16.72 15.61 14.45 12.35 6.84  
225 14.53 14.02 9.96 6.27 4.77 4.08 4.33 4.91 7.3 5.81  
240 10.37 10.15 6.73 3.1 0.03 -2.82 -4.32 -3.9 -0.41 3.53  
255 3.56 3.83 1.9 -0.79 -3.91 -6.66 -7.65 -7.75 -5.3 0.4  
270 -2.9 -1.97 -1.98 -3.03 -5 -6.87 -7.89 -8.85 -6.3 -1.13  
285 -4.06 -3.31 -2.61 -3.04 -4.85 -5.78 -7.26 -7.72 -5.52 -1.56  
300 0.54 1.45 0.14 -0.48 -2.37 -2.29 -3.79 -4.02 -3.31 -0.51  
315 6.58 6.05 2.08 0.07 0.37 1.48 0.87 1.4 -0.96 -0.86  
330 24.69 18.99 10.61 5.73 6.53 11.04 13.24 13.43 5.28 -0.65  
345 38.32 35.73 28.22 24.89 24.02 25.93 23.65 20.74 9.67 -0.27  
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Table 5.25: Velocity data for 5mm valve lift and 635mm H2O pressure drop 
635mm H2O pressure drop 
  1 2 3 4 5 6 7 8 9 10 11
0 48.33 47.66 46.41 47.35 45.52 44.52 37.85 24.59 8.55 1.16 1.72
45 33.58 20.43 9.33 -0.12 -3.67 -4.19 -3.98 -3.23 -1.35 3.16  
90 23.17 19.14 12.27 5.59 -0.82 -5.59 -8.45 -8.15 -2.04 6.32  
135 26.03 25.51 19.96 14.97 12.06 9.64 10.48 12.59 17.17 14.47  
180 56.15 52.85 49.01 46.32 41.07 35.72 29.21 22.74 15.25 8.96  
225 19.9 20.3 15.98 14.19 9.86 8.41 7.83 8.86 11.65 9.2  
270 3.22 5.65 4.44 1.12 -2.36 -5.63 -7.17 -8.37 -4.83 1.71  
315 11.19 9.64 4.29 3.58 6.29 9.02 10.23 9.01 2.66 0.89  
 
The two main diameters from both sets of data are shown in figure 5.23. 
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Figure 5.23: Mean flow velocities for the 5mm valve lift 
The degree of symmetry on the symmetry plane has improved for both pressure drops 
at this valve lift, but looking at the data on the main diameter it would appear that 
there is no real tumble motion given that the velocities either side of the centre line 
appear to be approximately equal. The next two tables, 5.26 and 5.27, are for the 
results at a 10mm valve lift, with the corresponding plots in figure 5.24. 
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Table 5.26: Velocity data for 10mm valve lift and 250mm H2O pressure drop 
250mm H2O pressure drop 
  1 2 3 4 5 6 7 8 9 10 11
0 39.12 38.2 35.75 36.19 35.4 31.78 25.15 14.25 2.32 -4.43 -4.52
45 22.08 20.37 9.75 2.59 -3.2 -5.11 -7.26 -8.53 -7.57 -3.19  
90 12.65 14.84 10.02 3.47 -3.56 -8.12 -10.2 -7.15 0.09 4.27  
135 33.86 35.55 34.63 31.39 27.9 25.32 25.19 24.23 18.85 4.97  
180 42.38 41.2 39.97 38.66 36.97 34.65 29.46 21.54 11.19 0.01  
225 36.76 37.63 34.49 29.9 27.38 24.67 22.45 20.37 16.15 5.01  
270 5.96 8.33 6.99 2.13 -3.22 -8.15 -10.3 -10.4 -6.08 -1.28  
315 16.18 15.95 10.27 3.57 2.68 1.09 0.62 -2.26 -4.97 -4.59  
 
Table 5.27: Velocity data for 10mm valve lift and 635mm H2O pressure drop 
635mm H2O pressure drop 
  1 2 3 4 5 6 7 8 9 10 11
0 60.75 64.53 61.44 60.5 59.99 56.56 45.96 31.25 7.75 -6.32 -7.06
45 25.74 29.92 17.81 7.77 1.01 -2.09 -4.38 -5.5 -5.57 -2.82  
90 11.38 18.04 14.93 5.86 -1.76 -7.51 -7.05 -0.25 7.13 4.81  
135 51.24 54.7 52.54 46.6 42.76 42.72 44.79 43.71 29.84 3.61  
180 64 64.93 62.92 62.02 61.92 58.68 47.78 34.26 14.49 0.03  
225 56.75 58.86 51.45 44.4 40.11 36.62 36.27 32.28 25.91 7.56  
270 3.79 8.7 9.96 3.9 -3.29 -9.24 -13.3 -15.1 -12.1 -3.5  
315 27.43 29.67 14.96 3.51 -3.6 -6.84 -7.92 -8.84 -8.37 -8  
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Figure 5.24: Mean flow velocities for the 10mm valve lift 
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At the 10mm valve lift there is again some loss of symmetry in the symmetry 
diameter, but not so bad as the 2mm lift. The tumble diameter is also showing 
evidence of a fairly neutral value for tumble but this is hard to judge purely from 
observation and will be quantitatively determined later in this section. 
 
As for head 1 previously, the bulk flow characteristics to be calculated from the LDA 
measurements will be those for mass flow, tumble and cross tumble. The same 
procedures will be used as described earlier and so will not be given again here. The 
first calculation is for the flow areas associated with each measurement point, and of 
course these flow areas are dependent on the number of measurements made in the 
plane. Table 5.27 shows the flow areas for the radial positions for the three resolutions 
made in the plane for the LDA measurements, where position 1 represents the 
measurement closest to the cylinder wall and position 11 represents the measurement 
in the centre of the cylinder. 
Table 5.27: LDA measurement flow areas 
Radial position Area for 24 
radii mm2 
Area for 12 
radii mm2 
Area for 8 radii 
mm2 
1 30.15 60.29 90.44 
2 20.59 41.17 61.76 
3 25.42 50.84 76.26 
4 25.5 51.01 76.51 
5 25.56 51.13 76.69 
6 25.4 50.8 76.2 
7 25.4 50.81 76.21 
8 25.62 51.25 76.87 
9 26.27 52.54 78.81 
10 20.36 40.72 61.08 
11 75.43 75.43 75.43 
 
There are two comments to be made about the calculated flow areas: firstly the area 
for position one is always higher than that for the remaining positions up to position 
ten and this is because having determined the radial positions, that for position one 
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was found to be too close to the cylinder wall for noise free measurements to be 
performed and so the first position was changed on the scan to be slightly further into 
the cylinder to ease the measurement task but without changing the other positions. 
The second point concerns the flow area at position eleven where it can be seen that 
this was originally calculated for eight radii per plane and was not subsequently 
changed as the resolution of the measurements was increased. 
 
Using these flow areas, the processing methods described earlier and the velocity 
measurements collected from the LDA, combined with an air density of 1.19kgm-3, 
which are the relevant ambient conditions at the time of the measurements, the mass 
flow rates were calculated and are given in table 5.28. The original mass flow 
measurements from the flow rig are also repeated in this table together with the 
percentage differences between the measurement techniques. 
Table 5.28: Measured and calculated mass flow rates 
   Mass flow rates kgs-1 
Valve lift L/VD Pressure 
drop 
 LDA measurements 
mm  mm H2O Flow rig Method1 Method2 Method3 
2 0.057 250 0.0220 0.0238 0.0234 0.0235 
5 0.143 250 0.0572 0.0601 0.0595 0.0595 
5 0.143 635 0.0913 0.1037 0.0996 0.0996 
10 0.286 250 0.0917 0.1017 0.1007 0.1006 
10 0.286 635 0.1479 0.1649 0.1634 0.1632 
    Percentage differences to flow rig 
2 0.057 250  8.2 6.4 6.8 
5 0.143 250  5.1 4.0 4.0 
5 0.143 635  13.6 9.1 9.1 
10 0.286 250  10.9 9.8 9.7 
10 0.286 635  11.5 10.5 10.3 
 
As was seen for head 1, the LDA consistently gives an over estimation of the mass 
flow rate, and it can be clearly seen from the above table and the number of 
measurement positions from table 5.21, that the differences are directly related to the 
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resolution of the measurement plane with the LDA, as would be expected. Again, 
these results highlight the difficulty of using a point measurement system to estimate 
integral flow values. Allowing for wall effects in the calculations does improve the 
estimate for the mass flow rate, but still indicates that a much finer resolution of 
measurement points would be required to approximate the mass flow rates measured 
on the conventional flow rig. 
 
The final piece of analysis for this chapter is the tumble ratios calculated from the 
LDA measurements. These results follow the same format and use the same 
calculation methods given for head 1, with the analysis being performed for both the 
methods of GLanz and Lumley for the main diameters. The results from this analysis 
are shown in table 5.29. 
Table 5.29: Tumble ratios 
Valve Lift/ 
Pressure drop 
Main 
G/L 
Symmetry 
G/L 
Full 
Field 
Valve 1 Valve 2 
2mm 250mm H2O 1.17/0.82 0.80/0.45 0.171 -0.093 -0.767 
5mm 250mm H2O -0.07/-0.18 -0.27/-0.26 0.499 0.459 0.362 
5mm 625mm H2O 0.07/-0.02 -0.19/-0.17 0.396 0.934 -0.085 
10mm 250mm H2O 0.20/0.13 -0.16/-0.09 0.914 2.005 1.358 
10mm 635mm H2O 0.10/0.05 -0.23/-0.14 0.835 1.877 1.623 
 
Again the results in absolute terms are very close between the two methods and would 
convey no real engineering significance. Apart from the 2mm valve lift, the highest 
tumble ratios are again those calculated over the centre of the two inlet valves and in 
general the tumble increases with both valve lift and pressure drop. The cross tumble, 
that for the symmetry plane, is very low, but still exhibits evidence of one valve flow 
more than the other, corresponding to that seen for the mass flow rates from the flow 
rig. The tumble calculated on the main diameter, the diameter which is usually 
associated with the tumble flow, has low values and no definite trend with either valve 
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lift or pressure drop. The full field tumble flow shows an increase of tumble with 
valve lift, but as would be expected due to the normalising simulated engine speed, 
they show no appreciable difference with pressure drop. The next chapter will look at 
the flow fields generated in the motored engine for a series of crank-angles. 
 
All the values for tumble that have been calculated from the LDA data in this chapter 
show low values of tumble. This is due to there being a strong back flow from the 
valves in both heads, which is negating the tumble flow from the head. Therefore, 
when the tumble is calculated across a diameter to allow for this back flow, the two 
flow systems of tumble and reverse tumble are very nearly cancelling one another out. 
It may be this resultant low number which allows the two methods of calculating the 
angular velocity, Glanz and Lumley, to give very similar answers, although as was 
shown above in section 5.1, they also agreed well for the Rankine vortex. 
 
Of particular note from the tumble calculations from the LDA data are the 
significantly different values calculated in a plane under the inlet valves compared to 
the value calculated in the symmetry plane. These results suggest that one plane of 
measurements in not sufficient to characterise the flow and that the tumble is not 
uniform throughout the cylinder. The inlet valve profiles for the two heads examined 
here are symmetrical, but the difference would be even more significant if asymmetric 
valve profiles were used, i.e. to generate some swirl in the cylinder or to use just one 
inlet valve at low loads to reduce pumping work. A simple method of weighting the 
results to give a mean value across the cylinder would be to base it on cross sectional 
areas relative to the areas of influence of the particular flow field. As the results here 
only cover the symmetry diameter and the two chords under the two inlet valves, as a 
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simple example of this technique I have simply divided the are into thirds with the 
middle third being for the diameter and the outer two thirds being for the two inlet 
valves respectively. This of course in simply the same as using an arithmetic mean of 
the three values in this instance and more measurements would be required to enable a 
better split of the cross sectional area. The results from this simple analysis for both 
heads are given in table 5.3 below. 
Table 5.30: Weighted tumble ratios 
Valve Lift/Pressure drop Tumble Weighted Tumble 
Head 1 - 5mm 250mm H2O 0.38 0.32 
Head 1 – 8.5mm 250mm H2O -0.07 1.52 
Head 2 - 2mm 250mm H2O 1.17 0.10 
Head 2 - 5mm 250mm H2O -0.07 0.25 
Head 2 - 5mm 625mm H2O 0.07 0.31 
Head 2 - 10mm 250mm H2O 0.20 1.19 
Head 2 - 10mm 635mm H2O 0.16 1.20 
 
In general the weighted tumble is significantly greater than that calculated purely 
from the symmetry plane alone, and this shows the importance of measuring in more 
than one plane when performing these measurements. The exception is the low valve 
lift and low pressure difference on head two where the back flow from behind the 
valves is having a major impact on the tumble flow generated, and highlights the 
reason some companies are now using valve shrouding at low valve lifts to try to 
counter this effect. 
 
A final comment is to state that the tumble values for both of the heads studied are at 
the lower end of values that would be expected from tumble flow heads, and that 
certainly in modern engines there is a clear emphasis on increasing these values. 
Chapter 6                                                                             Results – Engine 
___________________________________________________ 
154 
Chapter 6: RESULTS – ENGINE 
6 RESULTS – ENGINE 
Measurements have been performed under motoring conditions, at 1500 rpm on 
engine 1 and 2000 rpm on engine 2. All the data have been collected using LDA to 
measure the in-cylinder air velocities during the induction and compression strokes of 
the engines, although for this particular piece of work it is only the induction stroke 
that is of interest. The standard valve lift profiles were used for each engine 
respectively as discussed in chapter 4. 
 
Ensemble averaging of the data into fixed crank-angle windows has been adopted as 
the method to process the data, with 4 degree crank-angle windows being chosen to 
minimise any crank-angle broadening effects, but to allow sufficient data in each 
window to obtain mean and RMS quantities of the air velocities. 
 
All three components of velocity were measured for engine 2, with only the axial and 
radial components being measured on engine 1. The axial component is the most 
important for comparison with the steady flow rig results, where this was the only 
component measured. Both engines were run with a full length fused silica liner, of 
the corresponding bore, allowing measurements to be performed at all locations in the 
cylinder. Although there was an additional sapphire window in the piston crown, it 
was not utilised for these particular data sets, with the swirl and radial components of 
velocity also being performed through the cylinder liner. 
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6.1 MEASUREMENT STRATEGIES 
An overview of the LDA technique has already been given in some detail in chapter 3 
and, so again, only a brief description will be given here with the appropriate 
comments and details relevant to these particular measurements. 
 
Unlike the steady state data, where the measurements were made in a horizontal 
plane, the in-cylinder measurements were performed in vertical planes, i.e. parallel to 
the axis of the cylinder. The planes were chosen to gain the best insight into the flow 
behaviour and to obtain a reasonable estimate of the tumble properties of the two 
engines. To this end three vertical planes were measured, the positions of these planes 
are shown in figure 6.1, the main tumble diameter, the cross tumble diameter and a 
further plane which was a chord across the cylinder going through the centre line of 
the inlet valves and parallel to the main tumble diameter. An additional plane was 
measured for engine 2 which was again a chord across the liner, this time across the 
centre of the second inlet valve. As mentioned above, the data were collected through 
the induction and compression strokes with the overall data window changing with 
axial position in the head so that the processor was only active during the period when 
the piston was below the measurement point. The number of data samples in each data 
set was therefore also adjusted to match the total data window size and are given in 
tables 6.1 and 6.2 for engine 1 and engine 2 respectively. 
 
All the measurements were made in the direct back-scatter direction, as the LDA 
transmitter had to be scanned and this avoided the necessity of re-aligning the 
collection optics. Cooking oil was used as a seeding material for safety reasons and 
also to avoid damage to the piston compression ring. The preferred seeding material 
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for in-cylinder studies is Titanium Dioxide due to its ability to survive compression 
and even combustion temperatures in the engine, but some tests carried out early on in 
the work showed this material to damage the Carbon/Carbon matrix compression ring 
and the fused silica liner. Diffusion pump, silicon based, oil was considered as an 
alternative because of its low vapour pressure, but was thought to have too greater risk 
if for any reason some of the seeding particles remained in the test bed after the 
engine run had finished, posing a health hazard to the user. 
 
 
Figure 6.1: Position on measurement planes for in-cylinder LDA 
A general schematic of the overall engine rig is shown in figure 6.2, where all the 
main components can be seen. The inlet and exhaust systems have been left off the 
schematic for the sake of clarity, but under both engine configurations a full inlet and 
exhaust system was in place, to closely mimic the functioning of the real engine to the 
highest degree. There was no water cooling on the engine, due to the glass liner, but 
the engine could be pre-heated with oil, as the oil circuit and heater were remote from 
Chapter 6                                                                             Results – Engine 
___________________________________________________ 
157 
the operation of the engine. In practice the cylinder head was heated to 60 °C before 
the engine was started and the measurements commenced. 
 
 
Figure 6.2: Schematic of engine rig 
Engine run times were constrained by both fouling of the windows making further 
measurements impossible, but more importantly by the temperature of the fused silica 
liner. To this end an infra-red sensor monitored the outside temperature of the liner, 
and operation was halted when this temperature reached 100 °C as was explained in 
chapter 3. At 2000 rpm, this resulted in a run time of between 15 and 20 minutes, 
which in general allowed for one complete scan to be made across the liner diameter. 
It was of course sometimes necessary to halt the run earlier due to window fouling 
from the seeding, this being particularly true when the scan position corresponded to a 
position where the jets from the valve gaps impinged directly onto the window at the 
axial location where the measurements were being performed. The collection system 
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was configured to handle this stoppage without the measurement having to be re-
started but simply continued from the point where the window had become dirty. The 
cleaning of the window led to considerable down time, due to having to wait for the 
liner to cool to approximately 40 °C before handling of the glass was possible, and 
upon reassembly having to wait for the head to reach the correct temperature again 
through the oil heating. Ignoring the time required for cooling and re-heating of the 
engine, dismantling, cleaning and re-assembly was possible in 15 minutes. This all 
resulted in a down time due to cleaning of somewhat over an hour, severely limiting 
the number of measurements that could be obtained in a single day. 
 
The engines were fully instrumented in the usual way for test bed running as detailed 
in chapter 3. The inlet and exhaust manifolds temperatures and pressures were 
monitored as were the temperatures and pressures of the oil system. The in-cylinder 
pressure was recorded with a fast pressure transducer and the cylinder head and outer 
glass temperature were recorded. The second engine also had a hot wire based mass 
flow meter in the inlet manifold, but no comparisons of this data to that from the 
steady flow rig has been attempted due to the pressure oscillations that develop in the 
inlet manifold due engine running. It should be noted that as the engine was driven by 
an electric motor with no dynamometer, even under firing conditions only indicated 
values of engine data could be collected and not brake values. 
 
One of the advantages of measuring the flow in vertical planes is that the calculations 
for the tumble ratio can now be performed over the plane rather than just the single 
line used for the steady state. Of course, for direct comparisons the same method of 
calculation across a single profile will be used, but additionally the curl of the vector 
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field will also be used in some cases to show the differences in the tumble number 
that can be obtained when full field techniques are used, Pitcher and Wigley, 2001. 
 
The results in this chapter will mainly be given in the form of vector plots for 
different crank-angles throughout the induction stroke, as this has been found to be by 
far the best method of viewing the air flow in the engine cylinder. Single component 
profiles at selected crank-angles and positions will be used for the direct comparisons 
in the following chapter. In general, only the mean velocities are examined in any 
detail, due to the cycle fluctuations present in normal engine operation corrupting the 
values of the RMS component when ensemble averaging is utilised, over many engine 
cycles. The cyclic variation tends to generate a larger component of the RMS value 
than the turbulence present in any one cycle, e.g. Rask, 1981 and Liou and Santavicca, 
1983. To illustrate this point one position from one scan has been selected, the 
selection has been made manually and was chosen as it has one of the highest data 
rates observed.  The object is to process this one data set on a cyclic basis, i.e. to 
calculate the mean and RMS velocities from each individual cycle and to compare 
these values with the ensemble averaged values. It is not being claimed that there is a 
high enough data rate to perform genuine cycle by cycle analysis, and this is reflected 
by choosing ten degree crank-angle windows for the data analysis instead of the four 
degree windows used in the rest of this analysis. 
 
The first graphs from this analysis, figures 6.3 and 6.4, show the results for the first 
four individual cycles in the data set, in terms of mean and RMS velocities, along with 
the ensemble averaged values and also the arithmetic mean of the mean values and the 
arithmetic mean of the RMS values for all cycles calculated individually. 
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Figure 6.3: Mean velocity profiles for the first four cycles, the ensemble averaged 
values and the mean value from all individual cycles 
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Figure 6.4: RMS velocity profiles for the first four cycles, the ensemble averaged 
values and the mean value from all individual cycles 
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The two figures have been plotted on the same scales to give a visual indication of the 
spread of values for the individual cycle calculations. It is readily observed that the 
spread of the mean velocities is greater than that of the RMS velocities, and it is this 
change in the mean velocity from one cycle to the next that leads to the cyclic 
variation in the measurements. The RMS and hence the turbulence levels don’t 
change much from one cycle to the next, but it is this fluctuation in the mean velocity 
that leads to the RMS levels calculated from ensemble averaging leading to higher 
values of the RMS component of velocity being calculated than that that exists in a 
single cycle. This can be seen more clearly in figure 6.5, where just the ensemble 
averaged values of the mean velocity and RMS velocity are plotted with the mean 
values of the mean and RMS velocity from each individual cycle. 
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Figure 6.5: A comparison of the ensemble averaged mean and RMS velocities to the 
mean of the mean and RMS velocities calculated from individual cycles 
 
The graphs in figure 6.5 highlight the fact that the two mean values of velocity 
calculated are in good agreement, while the RMS velocities show significant 
differences in their values, with the ensemble averaged data having values of 
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approximately two times that from the data calculated on an individual cycle basis. 
Although it could be argued that this type of analysis, even with large crank-angle 
windows for the data analysis, could be used to give a better estimate of the RMS 
values, the file chosen for this demonstration was unusual in the data sets collected 
here in having such a high data rate and that in general the data rates were too low to 
make any meaningful calculations on a cyclic basis. It is obviously possible to make 
measurements where enough data samples can be collected in one engine cycle to 
allow the RMS component to be studied, Saxena and Rask, 1987, but these are 
normally specialised measurements requiring substantial experimental set up time, 
with high seeding levels and hence fast window fouling, and so requiring an 
unacceptable amount of time for the full field mapping used in this piece of work. 
This cyclic variation also means that a significant number of engine cycles have to be 
collected to give any meaning to the calculated mean value, and therefore having to 
collect data sets that are prohibitively large. 
 
All of the data collected in this engine study were performed at wide open throttle, 
WOT, conditions, to minimise any influence of the throttle on the flow through the 
valves and so to mimic the inlet conditions of the steady flow rig as closely as 
possible. Of course there will be some differences in inlet conditions due to the inlet 
manifold on the engine which was not present on the steady flow work, but by leaving 
the throttle wide open it is hoped that these will not have a profound effect upon the 
air flow. 
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6.2 RESULTS FOR ENGINE 1 
The LDA data manifests itself as discrete samples occurring when a seeding particle 
passes through the measurement volume. The corresponding velocity from this 
realisation is recorded along with the time stamp from a high resolution encoder on 
the engine, 3600 pulses per revolution, determining the time in the engine cycle when 
this sample was measured. The measurement window for the data collection was 
varied with axial position in the engine as explained above and the total number of 
samples collected at each point was set to reflect the smaller data collection windows 
at positions lower down the engine cylinder due to the piston obscuring the 
measurement positions. Due to the optical arrangement used for the measurements, 
the range of axial positions could not be maintained for all measurements and table 
6.1 shows the axial locations given as distances below the flame face of the head, with 
the data collection window, where 0° is equivalent to top centre at valve overlap or 
the start of the induction stroke, and the number of samples collected at each axial 
location. 
Table 6.1: Measurement locations and sample numbers 
Distance from 
head mm 
Distance 
normalised to 
bore 
Data window 
degrees CA 
Number 
of samples 
10 0.124 40 – 320 25000 
20 0.248 60 – 300 25000 
30 0.375 70 – 290 20000 
40 0.497 80 – 280 17500 
50 0.621 95 – 265 15000 
60 0.745 110 – 250 12500 
70 0.870 125 – 235 10000 
 
The measurements in the main tumble plane were performed at each of these axial 
locations while those for the cross tumble plane and the chord across the inlet valve 
were only made down to 60mm below the flame face. Measurements were made 
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across the diameter every 5mm, so from -35mm to 35mm, whilst those on the chord, 
due to the shorter span across the liner were made from -30mm to 30mm, where zero 
is the centre of the cylinder for the diameters and the point where the chord crosses 
the perpendicular diameter for the measurements along the chord. 
 
The discrete velocity samples can be plotted against crank-angle, for all cycles, to 
give an indication of the flow development during the engine cycle. Such a plot is 
shown in figure 6.6, for a position on the tumble diameter, 10mm below the flame 
face and 15mm from the cylinder wall, between the inlet valves. In this figure positive 
velocities represent flow moving away from the head. 
Figure 6.6: Discrete velocity plot 
This figure shows nearly 25000 samples, those missing from the 25000 collected will 
have been rejected by the value of the status byte recorded with the data. It can be 
seen that this plot is composed of 103 cycles of engine data with the start and end of 
the data collection window clearly seen. This would give on average 240 data samples 
per cycle or nearly one every degree if they were sampled evenly. In fact this plots 
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shows that the greatest density of data is between 45 and 135 degrees crank-angle, 
which not surprisingly is during period of the greatest valve lift. This data can then be 
ensemble averaged to generate mean values of velocity, and the mean is shown 
plotted over this data in figure 6.7. 
Figure 6.7: Composite plot of discrete and mean velocity 
The advantage of being able to overlay the two data sets is that it allows the effect of 
the averaging window, in this instance 4 degrees crank-angle, to be checked. It can be 
seen here that the generated mean velocity follows the discrete very well, suggesting 
that this window size is appropriate for this data. If the window was too large then the 
mean would not follow the discrete so well with there being areas where the two did 
not coincide, and if the window was too small, then there would not be a smooth 
curve as seen here, but a more ragged curve due to there being too little data in each 
averaging window. One last observation from this plot is that the data looks noise 
free, with very few outlying data points but the width of the data is greatest during 
mid induction stroke indicating either a higher amount of turbulence, greater effect of 
cyclic fluctuations or a combination of both.  
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Having generated mean values for all the data it is then possible to plot a series of 
mean velocity profiles to try to gain some insight into the flow patterns being formed 
in the engine, both temporally and spatially. Again using the main tumble plane the 
graphs in figure 6.8 show the velocity plotted against crank-angle for every other 
position measured in the scan at an axial location of 10mm below the head. The data 
in figure 6.9 has been further sorted to represent one crank-angle, 146 degrees, for 
plots in the same plane as for figure 6.8 but at different distances below the head. A 
late crank-angle was selected for this figure to ensure that data were available at all 
positions in the cylinder, i.e. after the piston had cleared the lowest measurement 
plane. 
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Figure 6.8: Mean axial velocity versus crank-angle in the tumble plane for an axial 
location 10mm below the head 
 
 
Although there is a lot of information in figure 6.8, it is quite difficult to tell exactly 
what is happening to the flow, apart from the decay in the magnitude of the flow up to 
bottom dead centre and a fairly flat profile during the compression stroke. The peak 
velocities can readily be discerned at positions -25mm and -15mm, which are the 
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same side of the head as the inlet valves and show in this plane a tendency for reverse 
tumble at these valve lifts. 
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Figure 6.9: Mean axial velocity versus position at a crank-angle of 146 degrees after 
top dead centre, for all axial locations measured 
 
With the additional data processing to re-arrange the data, figure 6.9, some of the 
structure in the flow is now becoming apparent. There is a positive downwards flow 
both sides of the cylinder with an upward flow in the centre of the cylinder, and 
looking at this purely axial component of velocity, the tumble and reverse tumble 
flows seem to be comparable in magnitude, with only slightly higher velocities on the 
side under the exhaust valves representing a slightly stronger tumble flow. Although 
the plots in figure 6.7 have helped to clarify the situation somewhat, it still needs a 
great deal of thought to understand what is really happening, and this is even more so 
when the corresponding radial components are plotted as well. This led to a program 
being developed which could take all the data in a plane and plot the combined 
components of velocity as vectors on to a sketch of the engine cylinder, allowing not 
only a visualization of the flow, but also any effects due to the geometry of the head 
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with the valve and piston positions. Therefore, the data have all been plotted in this 
way and selected crank-angles chosen during the induction phase of the engine to 
show the developing flow patterns in the cylinder. 
 
Five crank-angles have been selected, 60, 90, 120, 150 and 180 degrees 
approximately after top dead centre. The approximation derives from the window 
averaging technique, where at some of these angles the centre of the window is 2 
degrees further on. Plots will be shown for the main tumble plane, the cross tumble 
plane and the plane under the centre of one inlet valve. The data will be plotted in 
groups of three, one for each selected crank-angle, and therefore allowing the flow 
development in all three measured planes to be seen at the same time. The velocity 
vectors have all been scaled to the same value, allowing direct comparisons to be 
made. In the following figures the main tumble diameter is shown on the left, the 
chord across an inlet valve is in the centre and the cross tumble is on the right. The 
crank-angles of 60, 90 and 120 degrees after top dead centre are shown in figure 6.10, 
while those for 150 and 180 degrees are shown in figure 6.11. The plots have been 
split in this way to retain clarity. 
 
These plots allow the development of the flow fields to be observed. There are three 
very different and distinct flow fields developing at 60° after TDC, figure 6.10. The 
main tumble diameter shows the main flow coming down between the two inlet 
valves and heading nearly straight down the cylinder, with a smaller magnitude flow 
under the exhaust valve pair showing the first indicator of a tumble like structure 
starting to form. For the measurements under the inlet valve, two re-circulations are 
already evident, one under the inlet valve and one under the exhaust valve. The cross  
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Tumble plane Plane under valve Cross tumble plane 
Figure 6.10: Flow patterns at 60, (top row), 90 (middle row) and 120 (bottom row) 
degrees after TDC 
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Tumble plane Plane under valve Cross tumble plane 
Figure 6.11: Flow patterns at 150, (top row) and 180 (bottom row) degrees after TDC 
 
tumble flow shows four re-circulations forming, as there is a major downwards flow 
in the centre of the cylinder and evidence of downward flow at the two sides of the 
cylinder. In between these three downward flows there are two substantial flows 
moving in the opposite direction, caused by the downward flows coming into contact 
with the piston crown and spreading sideways. This view helps to explain the pattern 
formed in the tumble plane, where the main flow is not exhibiting any evidence of re-
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circulation, but it can now be seen that this re-circulation is occurring in the 
perpendicular plane and so cannot be observed on this two dimensional plot. 
 
These same flow patterns continue to develop in much the same form until 150 
degrees after top dead centre, when the flow starts to decay as the piston slows down 
and the inlet valve is closing. By bottom dead centre the velocities have assumed very 
low values and most of the structure observed earlier in the cycle has all but 
disappeared. One of the more significant observations from these plots is the 
difference in the flow patterns generated for the central tumble plane and for the plane 
under the inlet valve, where the presence of the valve causes a second vortex to form 
under the inlet valve. 
 
Having generated the vector fields, these can now be used to calculate the vorticity of 
the flow by taking the curl of the vector field, Jackson et al., 1997, pitcher and 
Wigley,2001 and Huang et al., 2007. The curl for the two dimensional fields is 
defined as: 
Curl δy
δu
δx
δvζ −=  6.1
where the curl is equal to the vorticity, Massey, 1989. The curl is calculated using a 
central difference scheme applied to a point in the centre of four measured vectors, 
which gives local values for the vorticity, allowing vorticity maps to be plotted. An 
example of these maps is shown in figure 6.12, for a crank-angle of 120 degrees after 
top dead centre and for the three planes measured. There is a qualitative degree of 
correspondence between the features that can be observed in the vector plots and 
those in the vorticity plots. However, care must be taken as the vorticity not only 
defines areas where the flow is spinning, but also areas where there is a shear present 
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in the flow, Massey, 1989, making the vorticity maps appear more complex than the 
vector fields. It can be seen that the vorticity values are both negative and positive, 
reflecting the different directions of the vortices spins seen in the vector maps. 
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Figure 6.12: Vorticity Maps at 120 degrees after top dead centre: Main tumble 
diameter (top), cross tumble diameter (middle) and under inlet valve (bottom) 
 
A more quantitative feel for the vortex strengths can be gauged by looking at the 
values of the vorticity plotted against position in the cylinder, for different crank-
angles, and this is shown in figure 6.13, where the vorticity is shown versus radial  
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Vorticity at 60 degrees
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Vorticity at 90 degrees
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Vorticity at 90 degrees
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Vorticity at 120 degrees
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Vorticity at 150 degrees
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Vorticity at 180 degrees
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Figure 6.13: Vorticity values versus radial and axial positions for the main tumble 
plane and the plane under the inlet valve, for different crank-angles 
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position for different distances down from the head. The mean values of the vorticity 
for a complete plane will be looked at shortly, when the tumble ratio is considered. In 
figure 6.13, all of the plots are shown with the same scales, allowing an easier 
comparison of the values generated at different crank-angles. This then clearly shows 
the magnitude of the vorticity decaying with crank-angle down to bottom dead centre, 
in agreement with the decay in the flow fields seen in figures 6.10 and 6.11. One 
method of studying this decay is to observe the mean kinetic energy of the flow fields 
against crank-angle, figure 6.14. The mean kinetic energy has been calculated for each 
measurement scan in each of the planes. 
 
These curves show the expected decay in the mean kinetic energy towards bottom 
dead centre, as the flow is piston driven and the piston is coming to an instantaneous 
stop at bottom dead centre. However, it can be seen that the lowest energy from the 
mean velocity occurs just after bottom dead centre, at approximately 210 to 220 
degrees crank-angle, and this is due to the ram effect of the incoming air forcing more 
air into the cylinder after bottom dead centre while the piston is starting to move up. 
This effect is well known and is one of the reasons that inlet valves close at a time 
significantly after bottom dead centre to allow the maximum air charge to enter the 
cylinder, Heywood, 1988. Also of note in figure 6.14 is that the mean kinetic energy 
does not approach zero in the cross tumble plane as it does for the other two planes. It 
can also be seen that the values start to rise again after reaching a minimum and this is 
believed to be due to the piston motion upwards in the cylinder imparting a velocity to 
the air close to the piston crown, this rise in energy occurs just before the piston 
reaches the measurement point. 
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Figure 6.14: Mean kinetic energy versus crank-angle, main tumble plane (top), plane 
under inlet valve (middle) and cross tumble plane (bottom) 
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In a similar way, the turbulence kinetic energy can also be displayed against crank-
angle, and this is shown in figure 6.15. Here the analysis shown earlier has to be 
bourn in mind as the values of the RMS velocity used to calculate the turbulence 
kinetic energy as those from the ensemble averaging process, which was shown to 
have potential errors in over predicting the actual values generated in the engine. 
However, it is believed that the trends observed in the values calculated will still be 
true, even though the actual values could be over estimated. The turbulence kinetic 
energy shows the same decay in values, but in this case does not approach zero. It 
reaches a minimum value at approximately the same crank-angle as the mean kinetic 
energy, but then holds that value at a nearly constant level throughout the rest of the 
compression stroke. This is expected as the decay in the mean kinetic energy is passed 
to the turbulence kinetic energy as the first part of the decay into small scale 
turbulence. The fact that the turbulence kinetic energy retains it value through the 
compression stroke is favourable to the operation of the engine as this energy 
enhances and helps to stabilise the combustion later in the compression stroke. This 
lends some credence to Lumley, 1999, that the decay of the tumble is responsible for 
the TKE being available for the combustion. If the TKE is multiplied by the in-
cylinder air density, a valid operation in this instance, then the TKE would increase 
monotonically up to TDC during the compression stroke. This would have no effect 
during induction where the density is assumed constant until the inlet valve closes. 
 
The high scatter of the values observed towards the end of the data collection window, 
in the cross tumble plane shows points where the number of data samples collected in 
each crank-angle window utilised for the ensemble averaging was low, and the RMS 
values are much more susceptible to low data counts than the mean values. 
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Figure 6.15: Turbulence kinetic energy versus crank-angle, main tumble plane (top), 
plane under inlet valve (middle) and cross tumble plane (bottom) 
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The final piece of analysis to be performed on the data from this engine is the 
calculation of the tumble ratio. With the vorticity of the flow already calculated, then 
it is simply a matter of taking a mean value of the vorticity over the complete plane, 
dividing this by a factor of 2 because the value of the vorticity is twice the value of 
the angular velocity for solid body rotation, and then further dividing by the angular 
velocity of the engine, 6.2, Jackson et al., 1997, Pitcher and Wigley,2001 and Huang 
et al., 2007 . The fact that the vorticity is twice the value of the angular velocity of a 
solid body rotation means that the tumble values are already related to a solid body 
flow without the necessity of having to calculate an angular momentum. Additionally, 
it removes the problem of defining a centre of flow for angular momentum 
calculations, which would be very difficult where a plane of data has been collected, 
and given that the is both tumble and reverse tumble present. By using the local 
values of the vorticity and taking a mean value, it is believed that the resulting tumble 
is an accurate value based on the flow fields present in the cylinder. Equation 6.2 
relates to Lumley’s equation given in chapter 2, 2.10, in that it is again a measure of 
the angular velocity of the flow divided by the angular velocity of the engine. 
Tumble ratio 
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The results of these Calculations for the three measurement planes are shown in figure 
6.16. 
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Figure 6.16: Tumble ratios calculated from the curl of the vector fields 
 The main tumble diameter shows a rapid decrease in the tumble ratio after 80 degrees 
after top dead centre, and reverses in direction just before bottom dead centre. It then 
goes through a second reversal and starts to recover slightly on the compression 
stroke. The cross tumble ratio has relatively low values, which is to be expected, in 
fact with a perfect geometry these values would be expected to be zero as this is the 
symmetry plane of the engine. The tumble ratio in the plane under the valve has a 
lower value for the first part of the induction stroke than that on the main diameter, 
but retains this value for a much longer period. When it does start to decay at 
approximately 140 degrees after top dead centre, it continues until it reverses and then 
keeps this reverse direction which increases in magnitude during the compression 
stroke. This figure highlights the significant differences to be found between the 
tumble ratio in the main tumble plane and those found in a plane under the inlet 
valves, and this point will be further discussed in the following chapter. 
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These results are based on the full field data available from the engine measurements, 
but this form of data is not available from the steady state measurements. Therefore, 
the engine data has been processed a second time, but now in the utilising the same 
method that was used for the steady state data, to enable a direct comparison between 
the two data sets to be used. This means using the angular velocity along a single scan 
at half bore below the cylinder head and the results of this analysis is shown in figure 
6.17, in combination with the above values of the tumble ratio using the curl of the 
vector field. 
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Figure 6.17: Tumble ratios calculated from both the curl of the vector field and the 
angular velocity at half bore below the cylinder head 
 
It is quite obvious that there are significant differences between the values of the 
tumble ratio calculated using the two methods. To understand these differences it is 
necessary to return to the vector plots where an explanation can be found in terms of 
the vortices being formed in the engine. The curl of the vector field looks at all the 
data available in the plane and will therefore average out positive and negative 
contributions due to the vortices rotating in different directions. This will only happen 
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for the angular velocity calculations if the two vortices happen to be in the same axial 
position as the calculations, and as the vortices move through this axial location a 
difference in the values calculated is to be expected. This leads to a question of how 
the tumble ratio is to be defined, whether it should be based on the main tumble flow 
observed in the cylinder or whether it should take account of all the vortices observed 
in the cylinder. This question will be further addressed in the conclusions. 
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6.3 RESULTS FOR ENGINE 2 
As the measurement strategy and instrumentation were very similar between engines 
1 and 2, the same comments made in the above section for engine 1 also apply to 
engine 2. The differences between the two set of measurements relate to the fact that 
for engine 2 data were collected to 70mm, approximately 0.8 bore diameters, below 
the flame face for all positions, measurements were performed across both inlet valves 
and all three components of velocity were measured. Again the data collection 
window was varied dependent on axial position in the cylinder to ensure that the data 
processor was only collecting data when the piston had moved below the 
measurement plane. The data collection windows used for the measurements are 
shown in table 6.2 along with the number of samples collected at each axial 
measurement plane. 
Table 6.2: Measurement locations and sample numbers 
Distance from 
head mm 
Data window 
degrees CA 
Number 
of samples
10 55 – 305 25000 
20 70 – 290 22000 
30 80 – 280 20000 
40 100 – 260 16000 
50 115 – 245 13000 
60 130 – 230 10000 
70 160 – 200 4000 
 
Although it is accepted that the data rate will vary through the engine cycle, the 
number of samples collected at the different axial locations represent an average of 
100 samples per degree crank-angle for the data collection window size at that 
location. As the data is then subsequently processed into 4 degree crank-angle 
windows this would give an average of 400 samples per window which then allows 
for the varying data rate and ensures there is enough data in each window to give a 
statistically meaningful average mean value. The change in data collection windows 
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between the two heads reflects the differences in engine geometry in terms of stroke 
and conrod length. As the cylinder diameter was also greater for this head, then the 
measurement positions across the diameter were adjusted for this, and for this engine 
measurements were made on a diameter between -40mm and 40mm and on the chords 
over the inlet valves between -35mm and 35mm, where zero is the centre of the 
cylinder in the horizontal plane. 
 
The discrete velocity samples plotted against crank-angle look very similar to those 
for engine 1, so for engine 2 an example of noise on the signal has been chosen to be 
discussed. This noise, which is assumed to be optical in nature, manifested itself as an 
almost single frequency, but appeared to be linked to the filter settings on the Dantec 
burst spectrum analyser which was used for this measurement series. The assumption 
of optical noise comes from the fact that this only happened on measurements close to 
the cylinder wall, but it not always possible to remove this effect by cleaning and re-
measuring. To this end a filter was implemented into the data processing software, 
allowing a crank-angle window combined with a low pass filter setting to remove the 
noise during the data processing stage and accepting the loss of data samples 
associated with such an approach. The choice of the type of filter can be appreciated 
by observing the data in figure 6.18, where the discrete data is plotted as velocity 
versus crank-angle. The noise can be seen as a straight line of constant velocity just 
below 40 m/s, and in this figure does not represent frequency shift break through, a 
common source of optical noise close to solid surfaces. It is however possible that this 
represents a sub-harmonic of the frequency shift which is being generated inside the 
data processor, but even after consultation with Dantec, and implementing a 
modification to the optical transmission system in terms of an angled thin glass plate 
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before the Bragg cell to stop direct reflections, this noise could not be removed at 
source. 
Figure 6.18: Discrete velocity plot showing noise on the signal in a plane under one of 
the inlet valves 40mm before the head and 4mm from the cylinder wall 
 
The noise removal scheme can best be seen by plotting the same data a second time 
but now with the data to be removed shown in red as opposed to green for the data to 
be kept. This discrete velocity plot is shown in figure 6.19, and again the calculated 
mean velocity has been superimposed onto the discrete velocities. 
 
There is a small difference between the calculated mean velocities between the two 
plots in figures 6.17 and 6.18, due to the removal of the filtered data from the 
calculation. It can also be seen how effective this type of filter proved to be for this 
type of noise removal, and was found to be successful in all instances that it was used. 
To highlight the difference in the mean values, they have been plotted in figure 6.20, 
and although up till now very little mention has been made of the RMS component of 
velocity, these have been shown for this case in figure 6.21. This has been shown 
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here, because as expected the filtering has a greater impact on the RMS value than the 
mean. 
Figure 6.19: Discrete velocity plot showing data to be filtered in a plane under one of 
the inlet valves 40mm before the head and 4mm from the cylinder wall 
 
Figure 6.20: Filtered and unfiltered mean velocity plots in a plane under one of the 
inlet valves 40mm before the head and 4mm from the cylinder wall 
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Figure 6.21: Filtered and unfiltered RMS plots in a plane under one of the inlet valves 
40mm before the head and 4mm from the cylinder wall 
 
Mean velocity plots against crank-angle have again been chosen to show the form that 
the data takes with its first pass through the processing stage. The plots show the axial 
velocity 10mm below the head for every other point across a diameter in the main 
tumble plane and are shown in figure 6.22. 
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Figure 6.22: Mean velocity versus crank-angle in the main tumble plane 10mm below 
the head 
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As before, it is very difficult to discern any definite flow structures from the data 
when it is displayed in this format. The second pass through the processing then 
allows the data to be displayed against position and this is shown in figure 6.23 for a 
crank-angle of 180 degrees to ensure that all axial positions are available. 
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Figure 6.23: Mean velocity versus position in the main tumble plane 10mm below the 
head 
 
The data was put through one final pass of processing to allow vector plots to be 
drawn on a schematic of the cylinder and head geometry. The same crank-angles as 
before have been selected to demonstrate the flow fields being generated, but in this 
instance there are four plots to consider, with the additional plot being that across the 
second inlet valve. The vectors have all been scaled to a 20ms-1 scale vector for all 
plots, making direct comparisons easier. The figure caption gives the crank-angle for 
the plots and the plots will be arranged so that the top left is the main tumble 
diameter, top right is the cross tumble diameter, bottom left is the chord across valve 1 
and bottom right is the chord across valve 3. The plots are shown in figures 6.24 to 
6.28, with a brief description of the flow fields. 
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Figure 6.24: Flow fields at 60 degrees after top dead centre 
  
Tumble plane Cross tumble plane 
  
Under valve 1 Under valve 3 
Figure 6.25: Flow fields at 90 degrees after top dead centre 
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Figure 6.26: Flow fields at 120 degrees after top dead centre 
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Figure 6.27: Flow fields at 150 degrees after top dead centre 
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Figure 6.28: Flow fields at 180 degrees after top dead centre 
The flow patterns developing for this engine are very similar to those for the first 
engine, which isn’t too surprising as they are both designed as tumble flow heads. 
There are however differences in the detailed geometry of the two engines, with the 
first being under square, that is the bore is smaller than the stroke, and the second 
being over square. Additionally the angle of the pent roof is smaller for the second 
head, which could imply a lower tumble flow. With measurements being made along 
chords under both inlet valves, the symmetry at least qualitatively can be observed, 
with the same patterns developing for both planes. Also of note is that the vortex that 
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develops under the inlet valve can be observed to follow the piston down the cylinder 
whereas that under the exhaust valve only penetrates into the cylinder at a much 
slower rate. 
 
The vorticity of the flow can also be calculated in the same way as for the first head, 
and four vorticity maps are shown this time, again at 120 degrees after top dead 
centre, but now with a map for the measured planes under both inlet valves as well as 
those for the main tumble diameter and the cross tumble diameter. These vorticity 
maps are shown in figure 6.29 below. With regard to the bottom two plots in figure 
6.29, it can be seen that there are some slight differences in the magnitude of the 
vorticity in the these two planes, which are under inlet valve 1 and inlet valve 3 
respectively. The magnitudes of the vorticity can be better observed in figure 6.30 and 
6.31, where the vorticity is plotted against radial position for different axial locations 
and at different crank-angles. 
 
As with the previous head, the magnitude of the vorticity reduces with crank-angle for 
all planes measured. The cross tumble plane does show some degree of symmetry 
over the diameter, figure 6.30, but looking in detail at the curves for the planes under 
the two valves, figure 6.31, then quite large differences can be observed between the 
two planes, both structurally and in magnitude, although the magnitudes do become 
closer with increasing crank-angle. 
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Figure 6.29: Vorticity Maps at 120 degrees after top dead centre: Main tumble 
diameter (top), cross tumble diameter (second from top), under inlet valve 1 (second 
form bottom)and under inlet valve 3 (bottom) 
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Figure 6.30: Vorticity values versus radial and axial positions for the main 
tumble plane (left) and the cross tumble plane (right), for different crank-
angles 
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Figure 6.31: Vorticity values versus radial and axial positions for the planes under the 
inlet valves, 1 (left) and 3 (right), for different crank-angles 
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The mean kinetic energy for all measurements planes is shown in figure 6.32 below. 
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Figure 6.32: Mean kinetic energy 
 
The decay of the mean kinetic energy to a minimum just after bottom dead centre is 
expected due to the flow being piston driven. As for the first head, there is an increase 
in the values after this minimum has been reached, but it is only a small increase, 
again being piston driven but now, with the inlet valves closed, the kinetic energy of 
the piston is being used to compress and heat the air charge with only a small part 
being transferred to the air as a velocity. As with the vorticity plots in figure 6.31 
above, there is an asymmetry between the values seen for the planes under valve 1 
and valve 3. The only measurement plane where the mean kinetic energy approaches 
close to zero at its minimum is in the main tumble plane. 
 
The corresponding turbulence kinetic energy curves are shown in figure 6.33 below. 
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Figure 6.33: Turbulence kinetic energy 
 
As for the first head, the turbulence kinetic energy reaches a minimum and then 
retains that value through the rest of the compression stroke, with the magnitude of 
this minimum being approximately equal in all measurements planes, which would 
suggest a degree of homogeneity of the turbulence by this time in the engine cycle. 
There is no evidence of the turbulence being homogeneous during the induction 
stroke, although there is a greater degree of symmetry between the two planes under 
the inlet valves for the turbulence kinetic energy. Again caution should be exercised 
when regarding the magnitudes of the turbulence kinetic energy as they have been 
calculated from the ensemble averaged values for the RMS velocity. 
 
Finally the tumble flows calculated from the vorticity maps will be examined, and the 
values for each plane, plotted against crank-angle are shown in figure 6.34. 
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Figure 6.34: Tumble ratio versus crank-angle 
 
The greatest tumble ratio can be observed to occur in the main tumble plane 
throughout most of the induction stroke, with a high value up to 135 degrees crank-
angle after top dead centre. The tumble ratio in the planes under the two inlet valves 
show large differences during the first 100 degrees of crank-angle, but then settle to 
having very nearly the same magnitudes. This difference in magnitude during the first 
part of the induction stroke is mirrored in the values seen in the cross tumble plane 
where the asymmetry is generated a high value of the tumble ratio in this plane until 
the values in the planes under the two inlet valves start to merge. The asymmetry seen 
between the two planes under the valve is more obvious looking at these integrated 
values and suggests that the two valves are not opening symmetrically. This was not 
observed to be the case during the operation of the engine, but for this head the valves 
were controlled by an electro-hydraulic mechanism where the fit of the actual profile 
to the demanded profile was controlled by the user. Therefore, it is quite possible that 
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some slight differences in the opening of the valves was present, responsible for the 
asymmetries observed in the analysis of the results from this head. No further 
information has been found to suggest how small a variation would be necessary to 
cause these asymmetries, but this has to be remembered in the future when using a 
camless engine. 
 
Again, to be consistent with the measurements made under steady state operation, the 
tumble ratio has also been calculated using the angular velocity in a plane that is 
approximately half bore down form the cylinder head. The resultant curves, together 
with those from the tumble calculated from the vorticity are shown in figure 6.35. 
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Figure 6.35: Tumble ratios calculate with the vorticity and angular velocity 
 
The tumble ratios in the main tumble plane are completely different in both magnitude 
and structure, and again the vector plots have to be examined to find the reasons for 
these big differences, coming mainly from the vorticity calculations looking at more 
than one re-circulation zone. The magnitudes for the cross tumble plane are 
Chapter 6                                                                             Results – Engine 
___________________________________________________ 
200 
comparable apart for the first 30 degrees crank-angle from 90 degrees to 120 degrees 
after top dead centre. The values in the planes under the two inlet valves show a very 
high degree of symmetry, but it should be remembered that as the measurements 
based on angular velocity are part way down the cylinder, the measurements start later 
in the engine cycle after the piston has moved below the measurement plane, and in 
fact by this crank-angle the results based on the vorticity are starting to look very 
similar. However, as with the main tumble diameter the magnitudes are substantially 
different between the two sets of calculations. 
 
As with the preceding chapter, this will finish with a look at the weighted tumble 
results for the main diameter and the chords under the two inlet valves. Again a 
simple weighting on the cylinder cross sectional area has been performed, splitting the 
area into three equal parts. The results from this simple analysis are given in table 6.3 
for both the angular velocity method of calculating tumble, Glanz, and that from the 
vorticity analysis, at valve lifts corresponding to those measured in the steady state 
work. 
Table 6.3: Tumble and weighted tumble results 
Engine 1 
 Tumble Weighted Tumble 
Valve lift Ang. Vel. Vorticity Ang. Vel. Vorticity 
5mm 0.61 0.09 0.82 0.84 
8.5mm 0.10 2.73 0.11 2.06 
Engine 2 
 Tumble Weighted Tumble 
Valve Lift Ang. Vel. Vorticity Ang. Vel. Vorticity 
2mm 1.07 0.34 1.23 0.29 
5mm 1.27 0.46 1.41 0.44 
10mm -0.23 2.94 0.30 1.89 
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This concludes the chapters on the presentation of results for the steady state and 
transient conditions treated as separate measurement sets. The next chapter is a 
discussion of the comparison of the results from these two measurement systems. 
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Chapter 7: RESULTS – COMPARISONS 
 
7 RESULTS – COMPARISONS 
 
Some comparisons have already been made in chapter 6, for the steady flow 
measurements. There the values from the standard steady flow rig, for both mass flow 
rate and tumble ratio, were compared to those obtained using LDA, and it was seen 
that although the LDA did not compare favourably for the mass flow rate, it was 
commented that the detailed measurements allowed a description of the flow 
development, flow structures and more objective tumble ratio calculations. In this 
chapter these LDA results and the subsequently calculated tumble ratios will be 
compared to the LDA measurements in a motored engine and their subsequent tumble 
ratio calculations. As in the previous two chapters, this chapter will be split into 
sections, with one section for each engine. As the two engines are from different 
families with independent design concepts, no attempt will be made to compare the 
results between them as it is believed this will serve no purpose and deliver no 
benefit. 
 
The major difficulty in comparing the steady flow measurements to those from a 
motored engine arises from having a constantly moving piston and inlet valves in the 
engine, leading to a varying pressure drop across the inlet valves during the induction 
stroke. Therefore, it is necessary to try and match conditions between the two systems 
and while using the same valve lift from both sets of experiments is an obvious 
choice, a method of matching the flow conditions has to be selected. In chapter 5, a 
simulated engine speed was calculated by taking the mean velocity based on the 
volume flow rate and equating this mean velocity to a mean piston speed in the 
engine. It would therefore seem appropriate to use this mean velocity to normalise the 
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velocity profiles measured under steady state conditions. The flow in the engine, for a 
naturally aspirated engine, is purely piston driven and so will be related to the 
instantaneous piston speed at any one time in the engine cycle. The instantaneous 
piston speed is used for the motored results as it is believed this will better reflect the 
transient nature of the flow. Therefore the mean velocities from the motored engine 
data will be normalised by the instantaneous piston speed at the time in the engine 
cycle where the comparisons are to be made. An example of this normalisation is 
shown in figure 7.1. 
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Figure 7.1: Comparison of original flow profiles across a diameter for steady state and 
motored conditions and the corresponding normalised velocities 
 
It can be seen in figure 7.1, that the normalisation procedure has caused the two 
velocity profiles to become very similar in magnitude, the shapes of the two profiles 
were already of a similar type, lending confidence to the method being adopted here. 
For the remainder of this chapter, only the normalised velocities will be presented as 
the comparisons between the two sets of data in terms of correlation will be based on 
these values. 
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The comparisons to be given here will concentrate on the mean velocities and the 
tumble ratios derived from these mean values. There are two main reasons for 
believing that it would be difficult to compare RMS velocities. The first is the cycle to 
cycle variation that occurs in a spark ignited internal combustion engine, a description 
of this was given in chapter 6, leading to higher values of the RMS than would be 
expected from the turbulence alone. The second reason is concerned with the time 
scales of the turbulence, where the transient nature of the flow in the motored engine 
will lead to shorter time scales than those for the steady flow conditions. Although the 
first of these reasons could be overcome with dedicated, and very time consuming 
measurements which are cyclically resolved, the second would require a more in 
depth study to determine any actual values. 
 
To give a qualitative measure of the comparison between the mean velocities a simple 
correlation function has been used, Ishida et al., 2011. In this paper a correlation 
function was required to compare measured in-cylinder flow velocities to those 
calculated from a computational fluid dynamics code, which is very similar to the 
comparisons to be made here. The correlation function in given in 7.1 below. 
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Where:  velocityflow motoredmot =Vr  
   velocitystatesteady st =Vr  
  n = number of positions correlated 
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The components of the vectors motV
r
and stV
r
are the velocities at the different 
measurement positions on a scan, with the modulus for each vector being calculated 
in the usual way. This correlation function will return a value of 1 for perfectly 
correlated data, with lower values showing a worse correlation. It will also generate 
negative numbers and this represents instances where the flows from the engine and 
the steady state measurements are going in opposite directions. The data from the 
measurements have been linearly interpolated between measurement locations to 
obtain the same positions for both sets of data for entry into the correlation function. 
 
7.1 COMPARISONS FOR ENGINE 1 
Prior to any comparisons being conducted it is important to ascertain the time in the 
engine cycle that corresponds to the valve lifts under which the steady flow tests were 
conducted. For the LDA measurements the test were performed at 250mm water 
pressure and for two valve lifts, one at 5mm and the second at 8.5mm. Referring to 
the inlet valve lift curve for this engine then the value of 5mm is reached firstly when 
the piston is at 36° after top dead centre, so during valve opening, and again at 162° 
after top dead centre but now while the valve is closing. The valve lift of 8.5mm is the 
maximum lift for the engine and so only occurs once at 100° after top dead centre. At 
5mm lift during valve opening, the piston has only just reached 10mm below its top 
position and so no LDA measurements are available for comparison, but for the 5mm 
lift during valve closing and for the 8.5mm lift, then the plane in the engine 40mm 
below the flame face has LDA data available, this also being the distance down the 
cylinder that the steady flow measurements were performed. Therefore the 
comparisons for the mean velocities will be carried out for these two identical valve 
lifts and corrected by the normalisation described above to match flow conditions as 
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closely as possible. The steady flow measurements only measured the axial 
component of velocity, so this is the only component available for a direct 
comparison. 
 
In the following graphs the normalised mean axial velocity from the steady flow data 
is plotted together with the corresponding data from the motoring study. Three 
different sets of data are plotted, the main tumble plane, the cross tumble plane and 
the chord under the centre of the inlet valve. In the following plots, a positive velocity 
represents flow moving down the cylinder. 
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Figure 7.2: Flow velocities across the main tumble diameter for 8.5mm valve lift at an 
axial location of half bore diameter down from the head 
 
The graphs in figure 7.1 shows the data for a valve lift of 8.5mm across the main 
tumble diameter. The steady flow data shows a much reduced flow reversal in the 
centre of the cylinder but in the motored data the presence of the piston, which is 
approximately 17mm below the measurement plane, will be playing a large role in 
generating a significant radial component of velocity from both directions towards the 
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centre of the cylinder and hence causing a flow reversal where these two opposing 
velocities meet. The magnitudes of the positive downwards flows are comparable in 
size from the steady flow and the motored engine. Apart from these detailed 
differences in the flows, the overall structure appears to be very similar between the 
steady flow and that from the motored engine indicating that although the piston is 
having an effect on the flows it is not substantially altering the flow structure in this 
plane. This is corroborated by the correlation factor between these two sets of data 
being 0.92, which suggests that the data are comparing very well. 
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Figure 7.3: Flow velocities across the cross tumble diameter for 8.5mm valve lift at an 
axial location of half bore diameter down from the head 
 
The flow structures are however very different when the cross tumble plane is 
considered, figure 7.3. In this case the flows are only similar close to the wall of the 
cylinder. Most of the flow for the steady state case is moving down the cylinder 
whereas that for the motored flow is mainly a reverse flow back up the cylinder. 
These differences are due to the piston acting as a barrier to the flow and causing 
large re-circulation zones as was seen in the previous chapter. The structure of the 
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flow is still quite complex for the steady state measurements, despite there being no 
piston present, and this structure can only be due to the geometry of the head and 
valves. For comparison purposes, it would be very difficult to predict the flow in the 
motored engine in the cross tumble plane from that measured under steady flow 
conditions. This was not the case for the tumble diameter above where the flow 
structures were similar in appearance. The correlation coefficient in this instance was 
-0.67, so a low magnitude and the negative sign reflecting the fact that in many areas 
the flow is moving in opposite directions between the two cases. 
 
The final comparison at this valve lift is for the plane under the valves. In this case, 
the profile for the steady state measurements is somewhat artificial as the plane was 
not directly measured as explained in chapter 6, and for the relatively sparse data set 
at this valve lift, only three positions were available for the comparison shown in 
figure 7.4. 
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Figure 7.4: Flow velocities in a plane under the inlet valves for 8.5mm valve lift at an 
axial location of half bore diameter down from the head 
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With so few points it is not possible to gain any insight into the flow structure in the 
steady flow case, but the velocities plotted here show no similarity to the flow in the 
engine. This flow in the engine was very complicated as was seen in the vector plots, 
with two major vortices present in the cylinder whereas the flow from the steady state 
measurements are showing a monotonic decrease in velocity across the cylinder. It 
can also be observed that the peak velocities in the engine are lower than those for the 
steady flow measurements, even with the scaling factor applied. The correlation 
coefficient was 0.34, quantifying the above statements. 
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Figure 7.5: Flow velocities across the main tumble diameter for 5mm valve lift at an 
axial location of half bore diameter down from the head 
 
As was seen for the 8.5mm valve lift, the profiles across the tumble plane have a 
similar shape for the 5mm valve lift, figure 7.5. The magnitudes of the normalised 
velocities are greater for the steady flow case, close to the cylinder walls and this 
large discrepancy may be due to the fact that al lower valve lifts more of the flow is 
directed towards the walls and with no piston present these high flow velocities are 
not being distributed within the cylinder. The piston in the motored measurements is 
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no 47mm below the measurement plane at this late time in the induction stroke, 162 
degrees after top dead centre, plenty of time has elapsed to allow some distribution in 
the cylinder. However, the correlation coefficient for these results was 0.95, a high 
level of correlation due to the fact that out to approximately 25mm from the cylinder 
centre, the flow magnitudes were of a similar magnitude with individual correlations 
being as high as 0.99. 
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Figure 7.6: Flow velocities across the cross tumble diameter for 5mm valve lift at an 
axial location of half bore diameter down from the head 
 
The cross tumble measurements for the 5mm valve lift, shown in figure 7.6, display a 
high degree of similarity between the steady flow measurements and those from the 
engine. The flow structures appear to be very similar and the magnitudes of the 
normalised velocities do not appear to be too dissimilar. This is almost the complete 
opposite of that seen for the 8.5mm valve lift. The correlation coefficient was 0.90 for 
this case. 
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Figure 7.7: Flow velocities in a plane under the inlet valves for 5mm valve lift at an 
axial location of half bore diameter down from the head 
 
Unlike for the 8.5mm valve lift case above, the flow velocities in the plane under the 
inlet valve for the 5mm valve lift, figure 7.7, show a degree of similarity, perhaps due 
to there now being more points available to compare, due to the higher resolution of 
measurements in the steady flow work for this valve lift. The correlation coefficient 
was 0.88 showing a reasonable comparison between the two sets of data. Having 
quantified the data comparisons with a correlation coefficient, they will now be 
compared by the tumble numbers generated by the velocity profiles.  
 
The comparison between the tumble ratio for the steady state and the motored engine 
data is given below in table 7.1, for the two valve lifts and the main tumble diameter, 
the cross tumble diameter and the chord under the inlet valve, just for valve 1 in this 
instance as the motored data was only measured under valve 1. The results from all 
the different processing methods are given in table 7.1, and so include the values 
calculated from the vorticity for the motored engine data. 
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Table 7.1: Tumble ratios and correlation coefficients for engine 1 
Steady Flow Data 
Valve Lift Tumble Cross Tumble Under Valve 1 Under Valve 3 
5mm T piece 
250mm H20 
0.10    
8.5mm T piece 
250 mm H20 
0.18    
5mm T piece 
635 mm H20 
0.92    
8.5mm T piece 
635 mm H20 
0.16    
5mm LDA 0.38 -0.16 0.51 0.37 
8.5mm LDA 0.09 -0.17 2.08 1.74 
5mm full field 0.63    
8.5mm full field 0.92    
Engine Data 
Valve Lift Tumble Cross Tumble Under Valve 1  
5mm ang. Vel. 0.61 -0.19 0.92  
8.5mm ang. Vel. 0.10 -0.12 0.11  
5mm vort. 0.09 -0.48 1.21  
8.5mm vort. 2.73 -0.71 1.73  
Correlation Data 
5mm 0.95 0.90 0.88  
8.5mm 0.92 -0.67 0.34  
 
Although some of the correlations, particularly across the main tumble plane, are 
high, this degree of correspondence is not reflected in the tumble ratios calculated. It 
is difficult to make any comments on the values of the tumble ratio between the 
steady flow rig and the motoring engine data, except to say that the steady flow rig 
data had positions measured closer to the wall, where in general the highest velocities 
are observed, and this could easily be a major contributor to the differences seen in 
these results. 
 
In all cases of the tumble ratio, except the value calculated from the vorticity with a 
valve lift of 8.5mm, the tumble ratio under the inlet valves is higher than that for the 
main tumble plane. The tumble values in the cross tumble plane are low, as would be 
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expected, for both the steady flow and the motoring data when calculated by the 
angular momentum, but show significant values when the vorticity method is used. 
This suggests that any asymmetry between the two inlet valves manifests it self in a 
difference in the flow structures, which would be detected by the vorticity, rather than 
in differences in the flow profiles measured at half bore downstream of the head. In 
general the tumble ratio calculated in the engine is higher than that from the steady 
flow rig, although with few exceptions the values are quite low in being under a 
magnitude of 1. 
 
7.2 COMPARISONS FOR ENGINE 2 
The results in this section will follow the same format as those in the previous section 
for engine 1. For engine 2 there are three valve lifts which can be considered, 2mm, 
5mm and 10mm and in some instances the LDA steady flow measurements were 
performed for two pressure drops of 250mm of water gauge and 635mm of water 
gauge. Referring to the valve lift curve for this engine the 2mm valve lift occurs at 
14° after top dead centre, the 5mm valve lift occurs at 37° after top dead centre and 
the maximum valve lift occurs at 105° after top dead centre. Here the maximum valve 
lift is 9.35mm, but this will be compared to a lift of 10mm for the steady state with the 
assumption being that the port diameter is the major restriction on the flow at these 
high valve lifts. At 40mm down from top dead centre, data in the motored engine was 
only collected from 100° to 260° after top dead centre and so only the maximum 
valve lift is available for comparison. As before the valve lift occurrence while the 
valve is closing will be used for the other two valve lifts, that is 173° for the 5mm lift 
and 196° for the 2mm lift. Obviously some care will have to be exercised with the 
2mm lift as at this timing the piston has just started the compression stroke and so any 
Chapter 7                                               Results – Comparisons                     
___________________________________________________ 
214 
pressure drop causing a flow into the cylinder will be due to a ram effect. The 
following graphs will show plots of the normalised mean axial velocity for the steady 
flow case and the motoring case. For these measurements the engine was motored at 
2000rpm. In this instance measurements were made across both inlet valves so here 
they will be treated separately, being named valve 1 and valve 3. 
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Figure 7.8: Flow velocities across the main tumble diameter for 2mm valve lift 
There are some similarities in the flow structures in the main tumble plane, shown in 
figure 7.8, but the flow reversal has shifted 10mm out from the centre under the inlet 
valve. The magnitude of the velocities appear to vary significantly between the steady 
flow and the motored study, but again this visual effect is largely due to the difference 
in the flow reversal position. In fact if the motored data was all moved to the right 
then there would be a very close correspondence between the two profiles. It should 
be added that this is a real effect and not due to misalignment of the LDA system, and 
that the same cylinder head was used for both sets of measurements. The similarity is 
surprising considering the reversal in the piston motion this late in the induction phase 
of the engine cycle. The correlation coefficient for these measurements is 0.88, which 
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is reasonably high given the apparent shift in the data generating larger differences 
between the magnitudes of the velocity. 
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Figure 7.9: Flow velocities across the cross tumble diameter for 2mm valve lift 
In the cross tumble plane, figure 7.9, there is some correspondence between the flows 
on one side of the cylinder, the positive distances, but none at all on the other side. 
The steady flow data shows a complete change in character over the cylinder centre 
position with a massive flow reversal which cannot be explained. The low valve lift 
can be expected to generate a large depression under the inlet valve, but this would be 
assumed to be similar for both valves, giving a similar effect on both sides. The data 
presented in chapter 6, for the mass flow rates did not exhibit such significant changes 
between the two valves when they were operated separately. The correlation 
coefficient is -0.36, a very low number that is to be expected given the disparity so 
obvious in the different flow structures present for the steady flow measurements and 
the motored data. The only conclusion that can be reached from this figure, is that the 
steady flow data on the left of the centre line is not correct, as it does not fit with any 
of the other measurements performed on this head. 
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Figure 7.10: Flow velocities in a plane under inlet valves 1 and 3 for 2mm valve lift 
As for engine 1, the steady flow values under the valve are an artificial set of data in 
that they were not specifically measured in this plane but have been taken from the 
radial scan data that was available, figure 7.10. The two profiles directly measured 
under the inlet valves for the motoring study show a high degree of similarity with a 
correlation coefficient between the two of 0.99. However, from the few points present 
it can be seen that there is again this apparent shift in the position of the flow reversal, 
as seen in the main tumble diameter. The shift again appears to be of the order of 
10mm, but now at 0mm and 10mm and so closer to the cylinder centre than for the 
main tumble diameter. This shift again leads to the difference seen in the magnitudes 
of the velocities, which would not be so apparent with a spatial shift in the data 
positions, particularly for valve 1.  The magnitudes of the normalised velocities for 
valve 3 are completely different and show much less correspondence but still the same 
shift in position of the lowest velocity measured. This then leads to fairly low values 
for the correlation coefficients, which in this case are 0.11 for valve 1 and 0.67 for 
valve 3, which are both lower than those for the main tumble diameter. 
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Figure 7.11: Flow velocities across the cross tumble diameter for 5mm valve lift and a 
pressure drop of 250mm H2O for the steady state measurements 
 
The graphs in figure 7.11 show the data for the 5mm valve and the 250mm water 
pressure, and are very similar in nature to those for the 2mm lift. There is the same 
shift of maximum flow reversal from -10mm to -20mm with this spatial shift causing 
the same problems with the relative magnitude of the velocities from the two 
experiments. The correlation coefficient is 0.76, which is lower than for the 2mm lift.  
 
The cross tumble flows shown in figure 7.12 below, now indicate some similarity 
between the steady flow data and the motored data. The flow structures are similar in 
shape but differ in the magnitude of the velocities. The other major difference is 
observed at the cylinder walls where there are large differences in the magnitudes and 
on the left side of the plot, even a change in flow direction. The correlation coefficient 
between these two sets of data is 0.42, a low value signifying these differences in 
magnitude.  
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Figure 7.12: Flow velocities across the cross tumble diameter for 5mm valve lift and a 
pressure drop of 250mm of H2O for the steady state 
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Figure 7.13: Flow velocities in a plane under inlet valves 1 and 3 for 5mm valve lift 
and a pressure drop of 250mm of H2O for the steady state 
 
The data in graph 7.13 are the results from the measurements under valve 1 and valve 
3, for a pressure drop of 250mm water gauge. They are both very similar in nature, 
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exhibiting almost identical flow structure and magnitudes of velocities for both the 
steady flow measurements and the motored flows, with a correlation coefficient of 
0.98 between the two valves for the motored data. There is a greater discrepancy 
between the magnitude of the velocities for two types of flows for those under valve 
three and this is reflected in the values of the correlation coefficients which are 0.6 for 
valve 1 and 0.39 for valve 3. An additional reason for the lower correlation coefficient 
for valve 3 is that there are more instances when the flows are in different directions 
between the steady flow case and the motored flow case, automatically leading to 
lower values of the coefficient due to the algorithm used to calculate them. The 
structure of the flows between steady flow and motored flow is however fairly similar 
for both valves. 
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Flow under valves 1 and 3 
Figure 7.14: Normalised flow velocities for all planes for 10mm valve lift and a 
pressure drop of 250mm of H2O for the steady state 
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Figure 7.14 shows the flow velocities for all planes for the 10mm valve lift and the 
pressure drop of 250mm water gauge. The main tumble diameter has a close 
correspondence in terms of the flow structure and also the velocity magnitudes with a 
correlation coefficient of 0.96. The cross tumble plane shows some similarities at the 
cylinder wall but there are large differences across the centre of the cylinder with a 
point of opposite flow direction at -10mm. the correlation coefficient for this case was 
0.7. As before for the flows under the inlet valves, very few positions were available 
for the steady flow case making a comparison difficult either visually or 
quantitatively. The flows do show some similarities for both valves, but the 
magnitudes are quite disparate for valve 3. This resulted in a correlation coefficient of 
0.86 for valve 1 and 0.6 for valve 3. Again the flow under the two inlet valves for the 
motored study show good agreement with a correlation of 0.99. 
 
For the measurements performed at the higher pressure drop of 635mm of H2O on the 
steady flow rig, the data used for comparison is the same from the motored engine 
data as that used for the lower pressure drop comparisons above. In this instance the 
normalising factor for the steady flow data has changed to represent the higher mass 
flow rate and so higher simulated mean piston speed calculated. The results from the 
5mm valve lift are shown in figure 7.15 below. The flows in the tumble plane again 
exhibit the same shift in position of the centre of the re-circulation zone, with a 
correlation of 0.8. The greatest difference is seen in the cross tumble plane, where 
although there is some similarity in the structure of the profiles, the magnitudes are 
substantially different leading to a very low correlation of 0.08. The correlation 
coefficients for the flows under the valves are also lower than those at the lower 
pressure drop, being 0.47 for valve 1 and -0.23 for valve 3. This decrease in the 
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correlation coefficients for all planes may be an indicator that the factors used for the 
normalisation do not scale linearly to the higher pressure drops. 
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Figure 7.15: Normalised flow velocities for all planes for 5mm valve lift and a 
pressure drop of 635mm of H2O for the steady state 
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Figure 7.16: Normalised flow velocities for all planes for 10mm valve lift and a 
pressure drop of 635mm of H2O for the steady state 
 
At the higher pressure drop for the 10mm valve lift, the change in scaling factor has 
not had an adverse affect on the correlation coefficients as was observed for the 5mm 
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valve lift above. The correlation coefficients for all data are given below in table 7.2 
along with the comparisons of values calculated for the tumble ratios. 
 
Table 7.2: Tumble ratios and correlation coefficients for engine 2 
Steady Flow Data 
Valve Lift Tumble Cross tumble Valve 1 Valve 3 
2mm T piece 
635mm H2O 
0.16    
5mm T piece 
635mm H2O 
0.21    
10mm T piece 
635mm H2O 
0.60    
2mm 250mm H2O 1.17 0.80 -0.93 -0.77 
5mm 250mm H2O -0.07 -0.27 0.46 0.36 
5mm 635mm H2O 0.72 -0.19 0.93 -0.09 
10mm 250mm H2O 0.20 -0.16 2.00 1.36 
10mm 635mm H2O 0.10 -0.23 1.88 1.62 
Full field 2mm 250 0.17    
Full field 5mm 250 0.50    
Full field 5mm 635 0.40    
Full field 10mm 250 0.91    
Full field 10mm 635 0.84    
Engine Data 
Valve Lift Tumble Cross tumble Valve 1 Valve 3 
2mm ang. Vel. 1.07 -0.18 1.38 1.23 
5mm ang. Vel. 1.27 0.17 1.50 1.47 
10mm ang. Vel. -0.23 -0.01 0.59 0.53 
2mm vort. 0.34 0.10 0.33 0.19 
5mm vort. 0.46 0.11 0.56 0.30 
10mm vort. 2.94 0.86 1.17 1.56 
Correlation Data 
Valve Lift Tumble Cross tumble Valve 1 Valve 3 
2mm 250mm H2O 0.88 -0.36 0.11 0.67 
5mm 250mm H2O 0.77 0.42 0.60 0.39 
5mm 635mm H2O 0.80 0.08 0.47 -0.23 
10mm 250mm H2O 0.96 0.70 0.86 0.60 
10mm 635mm H2O 0.96 0.63 0.72 0.74 
 
For the tumble diameter the values derived from the motored data are generally higher 
than those from the steady flow measurements with the engine data showing peak 
tumble ratios at the 5mm valve lift for the angular velocity calculations and at the 
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10mm valve lift from the vorticity calculation. This peak tumble ratio at 5mm valve 
lift is also seen in the ratios calculated under the valves, although here the steady flow 
data does sometimes show the highest values of tumble ratio. The cross tumble ratios 
from the engine are low in general which is to be expected as the flow should be 
symmetrical about the centre line of the cylinder based on the engine design. 
 
The correlation coefficients for the tumble and cross tumble planes are all of a similar 
magnitude apart from the cross tumble plane at the 2mm valve lift. The steady flow 
data for this position showed some very strange behaviour and given the values for 
the remaining positions and valve lifts, this data must be suspect. The values 
calculated under the valves suffer from too little data available in the steady flow 
measurements to gain a significant insight into these numbers. The exception is the 
5mm valve lift with low pressure drop where a high density measurements mesh was 
used. Although there is no intention of comparing the data from engine 1 and engine 
2, it can briefly be noted here that the correlation between the steady flow and the 
motored engine flow is lower overall for engine 2. This can only be put down to the 
engine geometry having a part to play in the differences seen between the steady flow 
and the motored data. 
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7.2.1 PIV Images 
Some PIV images have been taken on the steady flow rig for engine 2, and these are 
shown here in conjunction with the vectors from the motored engine data at the same 
valve lift. The advantage of the PIV technique for the steady flow measurements is 
that it captures a full field of data in the same format as the vector fields built up from 
the LDA measurements. The results to be presented here are for the 2mm, 5mm and 
10mm valve lifts with the lower pressure drop of 250mm water gauge. The vector 
plots from the motored data use the same crank-angle positions in the engine as those 
used above for the detailed comparison of the steady flow and motored data. The 
results are from both the main tumble diameter and the cross tumble diameter. This is 
a purely qualitative analysis on the comparison between the flow fields. 
 
Figure 7.17: Main tumble diameter with 2mm valve lift 
The two images in figure 7.17 are not to exactly the same scale, as to reduce the PIV 
image more would remove the possibility to see any of the vectors. The first comment 
to make is that the steady flow structure is more complex than could have been 
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imagined from looking at a single line of data as observed from the LDA 
measurements. There does seem to be some correspondence between the flow 
structures from the two sets of measurements. There is a definite flow movement 
across the cylinder from the exhaust to the inlet side in both cases. This was assumed 
to be due to the presence of the piston in the engine, but the fact that this feature exists 
in the steady flow measurements suggests that the fast moving flow from the back of 
the valves causes a pressure drop across the cylinder and hence pulls the air over from 
the inlet side. There are flow reversals visible in the steady flow fields, but they do not 
coincide with those seen in the motored engine. The flows in the engine are of course 
modified by the piston whereas those in the steady flow case can only be modified by 
local areas of lower or higher pressure. 
Figure 7.18: Cross tumble diameter with 2mm valve lift 
There are also similarities in the flow fields for the cross tumble plane with the 2mm 
valve lift, figure 7.18. Both sets of data show flow moving downwards in the centre of 
the cylinder and back up at the walls. The main difference between the flows comes 
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from the magnitude of the vectors, and this was observed when studying the LDA 
results from the two sets of measurements. 
Figure 7.19: Main tumble diameter with 5mm valve lift 
The 5mm valve lift flow fields in the main tumble diameter are shown in figure 7.19. 
Again, there is some correspondence between the flow fields, with evidence of the 
vortex at the top of the liner present in both cases. The re-circulation just above the 
piston is not present in the steady flow case, and this perhaps indicates which 
structures are due to local pressure fluctuations and which are due to the presence of 
the piston. At this valve lift the magnitudes of the velocities are also of a more similar 
nature, although it should be noted that for these qualitative comparisons the velocity 
fields in the motored engine have not been scaled for differences in pressure drop. The 
noisy data visible of the right hand side of the cylinder for the PIV measurements was 
due to flare from the laser light reflections from the cylinder wall. 
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Figure 7.20: Cross tumble diameter with 5mm valve lift 
The cross tumble flow for the 5mm valve lift is shown in figure 7.20. The flow 
structures that can be observed are again very similar, but in this instance the velocity 
magnitudes differ quite considerably. The major difference in the flow structure for 
these flow fields is also in the position just above the piston for the motored case. This 
re-enforces the issue that the presence of the piston only influences the flow in the 
close proximity to the piston, although this influence as seen for the tumble plane is 
responsible for the vortices above the not observed in the steady flow fields. 
 
The final two plots, figures 7.21 and 7.22, show the main tumble diameter and the 
cross tumble diameter for a valve lift of 10mm. This is the time of maximum valve lift 
which occurs close to the time of maximum piston velocity and so in some respects 
represents the instant in the engine that is closest to the conditions applied for the 
steady flow measurements. 
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Figure 7.21: Main tumble diameter with 10mm valve lift 
Figure 7.22: Cross tumble diameter with 10mm valve lift 
For this valve lift some care has to be taken when studying the PIV image, as it is only 
the data in the top third of the image that can be compared to the LDA vectors due to 
the position of the piston in the motored engine data. For the main tumble diameter, 
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the vortex at the top of the cylinder is clearly evident in the steady flow data, as is the 
high velocity flow down the left hand, exhaust, side of the cylinder, and these agree 
well with that shown for the motored flow. Unfortunately, optical noise on the data 
has prevented the flow from being calculated on the inlet side of the cylinder. The 
cross tumble field also show reasonable agreement apart from the downwards flow in 
the centre of cylinder observed in the motored data but not in the steady flow data. 
 
This piece of qualitative analysis has shown some remarkable agreements between the 
flow fields generated under steady flow conditions and those generated in the motored 
engine. However, it was also clear that the piston plays an obvious part in the flow 
field generation in the engine, but that this influence does seem to be limited to the 
near piston position. 
 
This concludes the presentation and discussion of results from this work and these 
will be summarised in the conclusions in the next chapter. 
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Chapter 8: CONCLUSIONS 
 
The objective of this study was to compare the flows generated under steady state 
conditions for the air entering an engine cylinder to those generated under the 
transient conditions of a motored engine. The present day legislation on allowable 
emissions from internal combustion engines are quite severe, and in recent years 
even more emphasis has been placed on the emission of CO2 due to the effects of 
greenhouse gases on climate change. This has led to a great deal of fundamental 
research into the combustion process of internal combustion engines which in turn 
has led to large improvements in the emissions from these engines. The amount of 
CO2 emitted is directly related to the fuel economy of the engine, and so this has 
resulted in further work to maximise the efficiency of the engine in terms of its 
combustion, to achieve the best fuel economy possible. Part of this research 
involves the entry of the fresh air charge to the engine cylinder and as was 
described in the literature review, this is an important aspect of the engine 
function to aid combustion efficiency. However, research into a running engine is 
expensive, and particularly in the present economic climate a cost effective 
method of making meaningful measurements is essential. The steady flow rig ahs 
long been used to perform such measurement, where not only the discharge and 
flow coefficients can be measured, but also some indication of the bulk in-cylinder 
motion by measuring the swirl or tumble ratios. Most modern day spark ignition 
engines are four valves per cylinder and designed to use tumble rather than swirl 
as the in-cylinder bulk motion. This work is normally done early in the design 
phase of a new engine, to check the geometry of the port and valves, before a 
running engine is available for test cell studies. 
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The tumble flow in an engine has two main functions: firstly, it has to promote 
good mixing of the air and fuel for homogeneous combustion system, or to control 
the positioning of the fuel for stratified operation. Secondly, the bulk motion has 
to persist for a long enough time so that on its subsequent break down into 
turbulence, the turbulence kinetic energy is available to enhance and stabilise the 
combustion event. Of course one of the generators for the tumble flow is the 
presence of the piston in the engine cylinder, which is obviously not present on the 
steady flow rig. Very little is known about the relationship between the tumble 
generated on a steady flow rig and that generated in the cylinder of a motored 
engine. Therefore, this work has concentrated on making detailed measurements 
under steady flow conditions and motored engine conditions for two engines, with 
subsequent data processing to obtain not only a value for the tumble ratio but also 
a correlation between the flow profiles measured under the two conditions. Both 
engines were of the tumble flow type, but of different design concepts and internal 
geometry. The steady flow measurements were performed using three techniques; 
standard flow bench, laser Doppler anemometry and particle image velocimetry. 
The motored engine measurements were made using laser Doppler anemometry 
only, but this did allow a direct comparison to be made between the steady flow 
measurements and those in the engine, with the measurements being made with 
the same technique. 
 
The literature review highlighted some of the problems and difficulties faced with 
modern spark ignition engine design. Particular emphasis was given to the 
importance of obtaining a good measure of the tumble ratio, particularly when low 
valve lifts are utilised to reduce the effects of pumping work due to the throttle. 
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The review also looked at the methods adopted to analyse steady flow data and at 
some of the previous work performed to measure flows both under steady state 
and engine conditions. This was followed by a detailed description of the flow 
measurement techniques applied in this work and the calculations used in the data 
processing. Some preliminary analysis was then performed looking at methods of 
calculating valve gap areas and the theoretical flows through the valve gap for 
both steady state flow and piston induced flow. The theoretical steady state flows 
are used in the calculations for the discharge and flow coefficients. 
 
The first results to be presented were those for the steady flow measurements, 
with the two engine configurations considered as two separate sets of data. The 
standard flow bench measurements were used to obtain the mass flow rate into the 
cylinder for several valve lifts and two pressure drops. The pressure drops used 
were those advocated by AVL, Ricardo and Lotus. The values for the mass flow 
rate were then used in conjunction with values calculated in the preliminary 
analysis to obtain values for the discharge and flow coefficient which are two 
standard engine measurements and are used as an indication of how well the 
engine will breathe during induction. These results gave typical values for these 
types of tumble flow engines. One comment must be made however, and that is 
the measured mass flow rates did not appear to be constricted by the port aperture 
at high lifts as was expected from the work of Kastner et al, 1963. This means that 
an artificially high discharge coefficient was calculated for the high valve lifts as 
the calculated mass flow was constrained by these criteria. A measure of the 
integrated tumble was also directly measured using the ‘T’ piece method. The 
LDA measurements were made at half bore downstream from the head and were 
Chapter 8                                                                 Conclusions 
___________________________________________________ 
 
235 
then subsequently post processed to obtain values for the mass flow rate and 
tumble ratio. 
 
For both engines it was found that the mass flow rate calculated by integrating the 
LDA measurements was always greater than that measured directly with the 
orifice plate. Three different approaches were used to calculate the mass flow rates 
from the LDA data, and all three over estimated that from the orifice plate 
measurements. The differences ranged from 5% up to 16% where the smallest 
difference occurred with the highest resolution, and therefore greater number of 
LDA measurement points as would be expected. The conclusion from this part of 
the study is that errors can be expected when using a point measurement system to 
obtain integrated properties, combined with the high degree of accuracy to be 
expected from an orifice plate measurement. 
 
The tumble ratios measured on the flow rig showed large differences compared to 
those calculated from the LDA measurements. The LDA data was originally 
calculated purely based on data from the main tumble diameter, but was modified 
to include all velocity data in the plane, and so closer approximating the integrated 
flow bench measurement, and also in planes under the inlet valves. The tumble 
ratios from the LDA were consistently higher than those from the flow bench and 
the conclusion was that this was due to the construction of the tumble rig on the 
flow bench having to take the air through a 90° bend and so inducing losses in the 
flow velocity. Additionally, it has to be remembered that the LDA calculations 
give a local value for the tumble along an axis in the plane where the 
measurements were made, and this is more relevant to this work later when 
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comparisons are made with data from a motored engine. Very similar conclusions 
can be drawn from the measurements on the second head. 
 
The next results presented were the LDA measurements from the two engines and 
again the data sets from each engine were presented separately. The results were 
mainly presented in the form of vector fields in vertical planes, the main tumble 
plane, the cross tumble plane and chords under the centre of the inlet and exhaust 
valve. Selected data were presented as profiles in a line across the cylinder and so 
in the same format as the steady state LDA data, to give an indication of the flow 
profiles in the engine. The vector plots however, were one of the main thrusts of 
this chapter allowing a visual description of the flow fields being generated in the 
engines. As the data for the motoring results was collected in vertical planes, the 
curl of the resulting field was used to calculate the vorticity on the flow in each 
plane measured. This not only allowed vorticity maps to be drawn, which helped 
to highlight the re-circulation zones in the flow, but the magnitude of the vorticity 
was utilised to observe how the rotation in the flow decayed over the engine cycle. 
Here it was seen that the vorticity reached a minimum just after bottom dead 
centre, indicating the ram effect of the inlet flow while the inlet valve was still 
open, but also that although there was some recovery after this minimum it was in 
fact very small. This was supported by looking at the mean kinetic energy of the 
flow, where very similar trends were observed. The turbulence kinetic energy also 
reached a minimum, but at a much higher value where it then persisted, showing a 
good trend in it being available for the combustion later in the cycle. The tumble 
ratios were calculated from the vorticity fields and so used all information 
available to obtain a measure of this quantity. They were additionally calculated 
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from the angular velocity at half bore down the cylinder, so as to match the 
calculations performed on the steady flow rig. The tumble ratio was plotted 
against crank-angle for both methods and this highlighted the differences in values 
obtained from the two methods. The major cause of these difference is that the 
vorticity calculations used data from the whole plane where all vortices would 
have visible, both positive and negative, whereas the angular velocity would see 
different vortices at different times in the engine cycle as they passed through the 
measurement plane. 
 
The final results chapter compared LDA measurements from the steady flow work 
to those from a motored engine. The data sets from the two engines were again 
studied separately as the object of this work was to compare the flow from the 
steady flow rig to the transient flow in an engine. The data were presented as 
profiles across the main tumble diameter, the cross tumble diameter and chords 
lying under the centre of the inlet valves. To obtain this comparison the flow 
profiles were first normalised, with mean velocity in the case of the steady flow 
data and instantaneous piston speed in the case of the engine. This scaling was 
successful in aligning the velocities from the two measurement conditions and in 
most cases the profiles showed a remarkable degree of similarity in appearance. A 
correlation function was defined to allow a quantitative comparison to be made 
between the flows, and the results from this agreed well with the visual 
comparison between the profiles for the main tumble plane but had lower values 
for the other planes, particularly where there was sparse data available from the 
steady flow measurements due to the method chosen to measure on the steady 
flow rig where all the data were collected in a horizontal plane. 
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The final section looked briefly at a qualitative comparison between PIV data 
from the steady flow rig and LDA data from the motored engine. A good 
agreement could be seen in some areas, particularly close to the cylinder head, 
between the measured flow fields despite the absence of a piston in the steady 
flow measurements. This led to the conclusion that much of the in-cylinder flow 
structure seen at a distance from the piston, was generated by local pressure 
gradients and not by the action of the piston, which only appeared to influence the 
flow field in the close neighbourhood of the piston itself. 
 
The tumble ratios were also compared between the steady flow measurements and 
those in the engine. In almost all cases the tumble ratio calculated from the engine 
data was greater than that from the steady flow measurements, by up to three 
times on the main tumble plane. There was a much higher degree of 
correspondence from the cross tumble plane, but ideally this value should have 
zero for both systems if the geometry was completely symmetrical. The values 
calculated in the planes under the inlet valves also showed little agreement, but as 
was mentioned this is almost certainly due to these not being direct measurements 
from the steady flow rig. The values calculated from the vorticity were in general 
higher than those from the angular momentum calculations, but were dependent 
on the time in the engine cycle where the comparison was made.  
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The final conclusions from this work are:- 
1. The conventional steady flow bench is the most accurate method to 
measure the mass flow rates. 
2. LDA measurements on the steady flow bench give a closer approximation 
to the tumble ratios measured in a motored engine than the conventional 
integrated method of measurement. 
3. There is substantial evidence to state that a single set of measurements, 
using laser diagnostics, made in the symmetry plane of the cylinder is not 
sufficient to characterise the tumble flow. This work has shown that more 
than one plane needs to be measured to obtain a reasonable measure of the 
tumble flow, which is not uniform across the cylinder. 
4. There is reasonable agreement between the flow structures measured by 
LDA from the flow bench and the engine and this was confirmed by a 
correlation coefficient. The transient nature of the flow in the engine 
appears to have little influence on the flow field. 
5. The presence of a piston in the engine does not cause as great a difference 
as might be expected, as seen from the PIV data, provided the engine 
measurements are away from the piston face. 
6. To fully quantify and understand the flow in the engine, both sets of data 
are required. However, this work has indicated areas where it may be 
possible to use the steady flow data to obtain an approximation of the 
tumble flow in the engine cylinder. 
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Chapter 9: FUTURE WORK 
 
In many ways a short chapter on future work is a case of excellent hindsight. 
Having prepared the experiment, collected the data, processed the results and 
written the work up, it is a good chance to stand back and see how the work could 
have been performed differently to enhance the results and possibly even the 
conclusions. This piece of work is no exception and some of the ideas given below 
come from the benefit of having done this work in the first place. 
• The steady flow work is traditionally carried out with no inlet manifold or 
throttle in place. This has an effect of the flow into the cylinder and it 
would be good to be able to quantify this effect and to see if it measures 
results closer to those in a motored engine. 
• If the engine is available and equipped with fast pressure transducers in the 
inlet manifold and the engine cylinder, then the actual pressure drops 
across the valves can be directly measured. This information could then be 
fed back into the steady flow bench, with the steady state measurements 
being made at the appropriate pressure drops to match the engine. This 
would remove the necessity of scaling the velocities to match flow 
conditions. 
• The tumble flow measured under the inlet valves is important as observed 
from the motored engine results, and it would have made for better 
comparisons if this had been measured directly on the steady flow rig. 
• The PIV images from the steady flow rig showed some enlightening 
results and should definitely be considered as a better method for the 
steady flow measurements. They would allow the tumble ratio to be 
Chapter 9                                                               Future Work 
___________________________________________________ 
 
241 
calculated for the full vector field and also lead to more comprehensive 
comparisons between the steady flow measurements and the full field 
maps from the engine. This in turn would allow the area of influence of the 
piston to be determined. 
• A more detailed study of in-cylinder air velocity with engine speed would 
be of direct benefit and not only for the type of measurements described 
here. Although some measurements of this nature have been made, a more 
comprehensive data set is required. 
• The transient nature of the engine flow did not appear to have a great 
influence on the measured flow fields, when compared to those from the 
steady flow work. A steady flow rig with moving valves, such rigs have 
previously been built, would help to determine exactly what effect there is 
by performing  back to back experiments, one with moving valves and one 
without. 
• A more detailed study is required with more planes of the tumble flow 
being measured to allow a proper weighting function to be applied to fully 
characterise the tumble flow characteristics. This would allow the 
weighting to be better defined, judged and understood. 
• Finally, I had hoped to be able to have the time and the resources to repeat 
the work of Kastner et al, 1963, but utilising modern experimental 
techniques. Despite the excellent results from this earlier work, I found 
areas where my own measurements did not agree with these previous 
results, e.g. the valve lift at which the port constriction dominates the flow 
and not the valve gap. 
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Appendix: Laser Doppler Anemometry 
A1 – THE LASER DOPPLER METHOD 
Laser Doppler Anemometry (LDA) is a laser based technique for measuring fluid 
velocities. It has several advantages over most other methods in that it is an absolute 
method, no calibration is required, it does not disturb the flow being measured, it is 
sensitive to direction i.e. it measures a vector quantity and not a scalar, and it can be 
applied in harsh environments e.g. combustion systems, without any damage to the 
sensor. There are two main disadvantages and they are firstly, optical access to the 
fluid to be measured is essential and secondly, it is fairly expensive in terms of the 
equipment required to measure in most industrial applications. There is one additional 
item to be considered, and sometimes this can be counted as a third disadvantage of 
the technique, and that is that the flow to be measured has in general the requirement 
to be seeded. This is particularly true of gaseous flows, and comes from the fact that 
the light needs to be scattered at a sufficient intensity to be detected and for this, 
scattering centres larger than molecules are required. 
 
 
To describe an LDA system fully in terms of the physics involved, the wave equation 
and the Doppler affect have to be considered, Durst et al., 1976 and Lading et al., 
1993. A detailed description of this analysis is given here. The first part of this 
appendix will look at LDA from the view of wave vectors. Firstly, looking at the 
Doppler shift generated from a scattering particle moving through one laser beam, 
figure A.1. This represents the heterodyne method when this frequency is mixed with 
the original laser frequency to give the beat frequency or the Doppler shift as it is 
more commonly known. 
Chapter 11                                                                    Appendix 
___________________________________________________ 
 
 265
 
Figure A.1: Light scattering from a single beam 
 
This calculation has to be performed in three parts, the first part being the Doppler 
frequency generated from a stationary source, the laser, and a moving receiver, the 
particle. The second part is the Doppler frequency generated by a moving source, the 
particle, and a stationary receiver which in most cases is a photomultiplier. The third 
part is beating this frequency with the original laser frequency leaving just the 
Doppler shift as it is not possible to measure the high frequencies of the laser directly. 
Part 1: Stationary source, moving receiver 
Standard form for Doppler 
shift. νν V
uV −='  A1
 ( )eu •−= cλν
1'  A2
 ( )eu •−= c
c
νν '  A3
 ⎟⎠
⎞⎜⎝
⎛ •−=
c
eu1' νν  A4
u
e
k
θ
α 
Laser
Scattered light 
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c
eu •−= ννν '  A5
 
c
c eu •−= ννν '  A6
Doppler frequency in 
terms of original frequency νν ⎟⎠
⎞⎜⎝
⎛ •−=
c
c eu'  A7
 
Using a similar analysis; 
Part 2: Moving source, stationary receiver 
 ''' νν
ku •−= c
c  A8
From equation 3.39 ( )
( )⎟⎟⎠
⎞⎜⎜⎝
⎛
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Part 3: beat frequency with original frequency 
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cc ≈•− ku giving: 
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c
euku •−•= νν D  A15
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As νλ=c  ( )
λν
euku •−•=D  A16
 ( )( )
λν
eku −•=D  A17
Bringing the equation out 
of vector form and 
referring to figure A.1 
⎟⎠
⎞⎜⎝
⎛=−
2
sin2 θek  A18
and ( )αθθ cos
2
sin2
2
sin2 ⎟⎠
⎞⎜⎝
⎛=⎟⎠
⎞⎜⎝
⎛• uu A19
giving ( )
λ
αθ
ν
cos
2
sin2
D
⎟⎠
⎞⎜⎝
⎛
=
u
 
A20
 
( )αcosu  is simply the component of the particle velocity in the laser direction and 
⎟⎠
⎞⎜⎝
⎛
2
sin θ  is a function of the optical geometry, half the scattering angle. Therefore 
measuring the Doppler frequency allows this component of velocity to be found. It 
should be noted that at this point it is the speed or scalar of the velocity component 
that has been measured and not its’ direction, positive or negative with respect to the 
laser light direction, and the resolution of determining the vector quantity will be 
addressed later. 
Most practitioners of LDA however, use the two beam system where the laser is split 
into two and these two beams are caused to cross, figure A.2. 
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Figure A.2: Light scattering from 2 beams 
This is a simpler system to set up and the Doppler shift is measured by the automatic 
beating of the signals from each beam at the receiver, which represents the homodyne 
method. This analysis essentially splits into five parts; the frequency from a stationary 
source, the laser, and a moving receiver, the scattering particle. This is followed by 
the frequency from a moving source, the scattering particle, and a stationary receiver, 
e.g. a photomultiplier. These first two parts have to be performed twice, once for each 
beam. The final part is the beating between the signals generated from each beam 
independently. 
 
Using the results from the previous heterodyne analysis but now with unit wave 
vectors for the independent beams the following analysis can be used. 
e1 
e2 
k
θ
α
γ 
β
Scattered light 
Laser 
Laser 
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Part 1: Stationary source, moving receiver – beam 1 
 νν ⎟⎠
⎞⎜⎝
⎛ •−=
c
c 1'
1
eu  A21
Part 2: Moving source, stationary receiver – beam 1 
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Part 3: Stationary source, moving receiver – beam 2 
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Part 4: Moving source, stationary receiver – beam 2 
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Part 5: Beat frequency of the signals from beams 1 and 2 
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If c >> u then cc ≈•− ku giving 
 ( ) ( )
c
21
D
eueu •−•= ννν  A29 
 
From νλ=c  
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λν
21 eueu •−•=D  A30 
 
Bringing the equation out of vector form and using the fact that e1 and e2 are unit 
vectors 
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From figure 3.20 and ( ) ( )αα cos90sin =−  then ( ) ( )βα cossin =  finally giving 
 
( )
λ
βθ
ν
cos
2
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D
⎟⎠
⎞⎜⎝
⎛
=
u
 
A34 
There are three important points to be raised from equation A34: 
1. When the Doppler shift is measured the velocity can be derived purely from 
the optical geometry and parameters of the transmission optics. 
 
⎟⎠
⎞⎜⎝
⎛=
2
2sin
D'
θ
λνu  
A35
2. The velocity component measured is perpendicular to the intersection of the 
two laser beams i.e. ( )βcos' uu =  
3. The measurement is independent of the scattering angle i.e. the same Doppler 
frequency will be measured in any direction, which can be a valuable bonus in 
Chapter 11                                                                    Appendix 
___________________________________________________ 
 
 271
experimental work, allowing the receiver to be positioned for the experiment 
and  not for the measurement. 
Again only a scalar value, speed, is determined from this analysis and this will be 
dealt with later, when it will be shown how the vector can be determined. 
 
 
Although this description is correct it does not lead to any conceptual feel of a LDA 
system. However, a simple description for the homodyne system can be obtained from 
the generally accepted real fringe model, Rudd 1969, and as this gives the same 
resulting equations this approach will now be given here in some detail. 
 
In this model a laser beam is split into two and these two beams are caused to cross at 
the point in the flow where the measurement is to be made. As the laser is a coherent 
light source, at the point where the two beams cross an interference fringe pattern is 
formed, figure A.3. The signals from small particles entrained in the flow are 
measured as they scatter light from the fringe pattern. The intensity of the scattered 
light in time has a fundamental frequency due to the fringes and the speed of the 
particle and knowing the spacing between the fringes (purely a function of the 
transmission optics) and measuring this frequency, then the speed of the particle can 
be determined, figure A.4. 
  
 
 
Figure A.3: Schematic Showing Interference from two Plane Waves 
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With regards to figure A.4, the top left of the figure shows the two laser beams 
crossing. What is of importance here is the intersection half angle θ as this is used  
 
 
Figure A.4: Basics of LDA signals 
 
along with the wavelength of the laser light to calculate the fringe spacing, shown in 
the top right of the figure. Also shown in this part of the figure is a small circle with 
an arrow through it, representing a particle about to cross the fringe pattern. Below 
this is a graph showing the type of signal to be expected as this particle crosses the 
fringe pattern. Here the frequency of intensity fluctuations caused by the fringes can 
be seen together with an envelope intensity distribution due to the Gaussian intensity 
distribution of the projected laser beams. The older type of signal processor use to 
measure the time between peaks to obtain the frequency e.g. counters, but nowadays 
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they measure the frequency directly e.g. covariance processors. Knowing the 
frequency and the fringe spacing then it is a trivial exercise to obtain the speed. At the 
moment the scalar value of speed will be used and then a little later the vector velocity 
will be dealt with. 
 
The particle in figure A.4 is shown traversing the fringe pattern perpendicular to the 
fringes. This is a somewhat ideal and rather unrealistic situation. In a real flow the 
particles will of course cross the fringe pattern at many different angles. However, the 
LDA system will only measure that component of velocity which is perpendicular to 
the fringes, figure A.5. 
 
The system as described until now does in fact only measure a scalar value i.e. the 
magnitude of the velocity perpendicular to the fringe pattern. Referring to figure A.5, 
it cannot differentiate whether the particle is travelling in an upwards direction (as 
shown) or downwards direction. To distinguish the direction and hence obtain the 
vector perpendicular to the fringes, a technique known as frequency shifting is 
employed. In this technique the frequency of one or both beams is altered by a small 
amount, compared to the frequency of the light which is approximately 5 x 1014 Hz. 
The effect of this is to cause the fringes to move through the fringe pattern in a 
direction from the higher frequency beam to the lower frequency beam. This 
movement of the fringe pattern can be used as a DC offset to the measured frequency 
 
 
 
and subsequently subtracted from it resulting in a negative or a positive answer. If the 
answer is positive then the particle is moving against the direction of the fringe 
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movement, and in this way the direction of the particle perpendicular to the fringes 
can be obtained, allowing the vector quantity to be measured. In most commercial 
systems available the frequency shift is applied to one beam only, and is generated by 
a Bragg cell, an opto-acoustic device, giving a frequency shift of 40 MHz.  
 
 
 
 
 
Figure A.5: Velocity component measured with an LDA system 
 
 
The components of an LDA system can be separated into three main parts, the 
transmission optics, the receiving optics and the signal processor. For the transmission 
optics there are two main categories of systems that can be applied, the homodyne 
system (as in the real fringe model) or the heterodyne system. It is more common now 
to use a homodyne system which has the advantage of a much better signal to noise 
ratio than the heterodyne system 
 
The homodyne system, figure A.6, is the system that corresponds to the real fringe 
model explained above, and is the one most frequently encountered in present day 
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systems. Here the laser beam is split into two beams of equal intensity and these two 
beams are caused to cross by a front lens, after one or both of the beams have been 
frequency shifted. This defines the transmission system. The light scattered from the 
particles is collected by a lens, either the same lens or a different one depending on 
the mode of scattering to be explained later. This scattered light is focused onto a 
pinhole in front of a photo-detector. 
 
 
 
Figure A.6: Homodyne LDA System 
 
The system shown in this schematic is using forward scatter as the light collection 
system, but in reality any scattering angle can be employed. The advantages and 
disadvantages of the various scattering modes are briefly described in appendix 1. The 
optical system described in this section, although capable of functioning, bear little 
resemblance to modern day systems and is only to demonstrate the technique. 
 
The last main parameters regarding the LDA system are the size of the measurement 
volume and the number of fringes contained in the measurement volume. The 
explanation of the terms used in these calculations is given in figure A.7, with the 
equations, using the variables defined in the figure, given by equations A36 to A39. 
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Figure A.7: Definition of measurement volume size 
Length of measurement 
volume 2
sin
4
ϑπ
λδ
LED
Fz =  
A36
Width of measurement 
volume LED
Fy π
λδ 4=  A37
Depth of measurement 
volume 2
cos
4
ϑπ
λδ
LED
Fx =  
A38
Number of fringes 
L
f ED
F
N π
ϑ
2
tan8
=  A39
 
There are various scattering modes used in LDA and their advantages and 
disadvantages are given below. 
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Forward scatter:- 
 
Advantages Disadvantages 
For the size of particles used in LDA this 
mode has the greatest intensity in the 
scattered light and so gives the best 
probability of detecting a particle. In 
general it also gives the best signal to 
noise ratio, but see the condition in side 
scatter below. 
Unless the flow being measured can be 
translated, then to obtain profiles the 
transmission system must be moved. This 
means that the collection system must be 
moved to suit, and unless they can be 
directly coupled, this leads to a lot of 
extra alignment work. 
 
Back scatter:- 
 
Advantages Disadvantages 
This mode has the advantage of using the 
same lens for both the transmission 
system and the collection system, which 
means that coupling the two systems 
together is much simpler. 
The intensity of the scattered light in this 
mode can be 1000 times less than that in 
direct forward scatter, making signal 
detection very much harder and leading 
to poorer signal to noise ratios. 
 
Side scatter (in particular 90°):- 
 
Advantages Disadvantages 
When the measurement volume, i.e. the 
point where the two beams cross, is close 
to a solid surface (including transparent 
surfaces) then the scatter of light from 
this surface is very high and can lead to 
an impossibly poor signal to noise ratio. 
However, the dominant scattering mode 
from these surfaces is direct transmission 
in the forward direction or reflection in 
the backscatter direction and so working 
at 90° scatter can greatly improve the 
signal quality being detected. 
This mode suffers from the same 
problems as forward scatter in terms of 
measuring flow profiles or fields. 
Additionally, depending on the particles, 
the scattered light can be very low at 
certain scattering angles. 
 
 
The final component of LDA systems to be discussed here are signal processors, and 
two of the more common processors will be discussed in terms of their operating 
principles. The LDA processor has in fact two tasks to carry out, the first is the 
detection of a valid Doppler burst and the second is the frequency determination of 
the signal. The difficulty with the first part is that the signals are discrete short 
duration entities which can in some cases resemble a noise burst, and the difficulty 
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with the second part is that the signal is only available for a short duration and has a 
limited number of peaks available to allow the determination of the frequency. This 
has meant that a number of specialist processors have been developed for this type of 
signal analysis 
 
The counter was one of the most widely used processors for LDA, due to its 
simplicity of use and its reliability. Its biggest drawback was in requiring a high signal 
to noise ratio, ~ 5:1, in order to function well. 
 
 
 
Figure A.8: Schematic of a counter processor 
 
A very simplified schematic of a counter is shown in figure A.8, and the various parts 
of the processor will now be described. The incoming signal is first passed through 
high and low pass filters; the high pass is to remove the envelope frequency and the 
low pass to remove any high frequency noise. The filtered signal is then passed to the 
burst detector, the function of which is to determine whether this is a genuine LDA 
signal or not. The filtered signal is as is shown in figure A.9 and the detector functions 
by using a multi-level threshold detector (normally 2 as shown here). For the burst to 
be accepted, the signal must cross these thresholds in order and independently, i.e. 
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there must be at least one zero crossing between the two thresholds being crossed, 
representing the expected profile of a typical LDA signal. Once the burst is accepted, 
two counters are activated, designed to count a different number of fringes, using a 
high frequency clock of up to 500 MHz as a timing source. The frequency from the 
two counters is then compared and has to agree to within a user set percentage, of the 
order of less than ten percent, before the signal is finally output as a validated Doppler 
signal. This is a very simplified description of the counter and in practice the 
commercial processors available were capable of much more than the simple 
frequency measurement given here and shown in figure A.9. 
 
 
 
 
Figure A.9: Principle of counter operation 
 
The second processor to be examined here is the so called covariance processor, 
which is not only used for velocity measurements but also for droplet sizing. Again as 
with the previously described processors a good burst detector is required for 
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successful operation of the covariance processor and figure A.10 shows a schematic 
of the processor combined with the burst detector used. 
 
 
 
Figure A.10: Schematic of covariance Processor 
 
The incoming signal is band pass filtered to remove the pedestal and any noise and 
then split into two, one part being passed to a unit that adds a delay to the signal and 
the second part to a unit which again splits the signal and puts a 90 degree phase shift 
onto one part. The delayed signal is than multiplied with both the original signal and 
the 90 degree phase shifted signal and both are integrated over the period of the 
signal. This gives rise to two signals from the integrator which are the imaginary and 
real parts of the complex covariance, A40, 
 Ci = C0(τ)sin(ω0τ) and Cr = C0(τ)cos(ω0τ) A40
 
The ratio of the imaginary to the real parts of the complex covariance is, A41, 
 tan(ω0τ) A41
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and the frequency can be obtained from this as the value of the time delay is known. 
⏐ω0τ⏐ must be less than π to avoid any ambiguity in determining the frequency. The 
burst detector takes the two signals from the multiplier units and low pass filters them 
to obtain the envelope, and then squares them. The sum is then passed to the threshold 
detector which uses a three level validation scheme, similar to the dual level used in 
the counters, to determine whether this signal is a Doppler burst or not. On finding a 
genuine burst a signal is sent to the integrator units to tell them to proceed, and the 
burst detector gives out the arrival time and the transit time for this burst. 
 
This completes the description of LDA system and this appendix. 
 
 
